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Preface

The management of mental illness over the past 100 years has seen many paradigm shifts.
Around 1950, Charpentier synthesised chlorpromazine, which was demonstrated to possess
antipsychotic activity within a year. A few years later, Paul Jansen and colleagues synthe-
sised haloperidol. These developments revolutionised the management of psychotic ill-
nesses. Iproniazid, which was used to treat tuberculosis, was noted to elevate mood. It was
the first monoamine oxidase inhibitor used to treat depression. It was quickly followed by
the synthesis of imipramine, the tricyclic antidepressant. It is reasonable to conclude that
the 1950s was the decade of pharmacological advancement. However, there has been very
little in the way of pharmacological developments within the past 20 years.

The closure of long-stay psychiatric institutions represented another significant para-
digm shift with the recognition that such institutions had profound negative effects on
patients. These closures represented the dawn of appropriate social interventions in the
management of patients with severe mental illnesses.

There have also been advances in psychotherapy - probably none more so than the
development of cognitive behaviour therapy. In the 1960s, the American psychiatrist
Professor Aaron T. Beck noticed psychological patterns in his depressed clients. In general,
they held negative views of themselves, others and their future. Based on this observation, he
developed strategies for the effective treatment of depression and anxiety disorder.
Cognitive behaviour therapy is now the most widely used psychological therapy for these
disorders.

The brain-gut-microbiota axis has been described as a new paradigm in psychiatry. It is
a bidirectional communication system linking the brain and the gut microbiota, the collec-
tion of microorganisms in the intestine. Research over the past 20 years on this axis has
hastened developments in nutritional psychiatry. In clinical practice, very few psychiatrists
or psychologists provide nutritional advice for their patients, despite evidence that such
advice complements drug and psychological therapies. Nutritional advice for many psychi-
atric patients may be as relevant as that provided by cardiologists for patients with heart
disease. However, at both undergraduate and postgraduate levels, nutritional training is
rarely offered, leaving many psychiatrists and psychologists ill-equipped to deal with the
recent advances in this field. Few textbooks of psychiatry cover the topic of nutrition.

The gut microbiome as a potential therapeutic target for mental illness is a hot topic in
psychiatric research. Trillions of bacteria reside in the human gut and have been shown to
play a crucial role in gut-brain communication. Patients with various psychiatric disorders,
including depression and schizophrenia, have been shown to have significant alterations in
the composition of their gut microbiome. Enhancing beneficial bacteria in the gut, for
example through the use of psychobiotics, prebiotics or dietary change, has the potential to
improve mood and reduce anxiety in both healthy people and patient groups.

Appropriate nutrition impacts the brain directly and impacts it indirectly through the
gut microbiota. This book provides an overview of the relevant aspects of nutrition from
a psychiatric perspective. Topics such as the basic principles of nutrition are covered, as well
as the relevance of the brain-gut-microbiota axis in mental health. The importance of
nutrition in the common mental illnesses seen in adults, such as depression, anxiety
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disorder and schizophrenia, is covered together with disorders seen in children and older
adults. The Mediterranean diet is the most extensively studied from a mental health
perspective, and this diet is covered in detail. So, too, are the benefits of psychobiotics and
general fermented foods. Chapter 10 explores how nutrition can influence genetic activity
by epigenetic modulation. This is an evolving area of biology with major relevance to
branches of medicine from psychiatry to oncology.

The book will be of interest to psychiatrists and psychologists, as well as behavioural
scientists, neuroscientists and nutritionists. A wealth of titles have been published recently
on diet and mental health aimed at a general reader, but this is the first guide for clinicians.
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Basic Principles of Nutrition

Eileen Gibney

Summary

The basic principle of nutrition is the provision of adequate nutrients for
populations or groups within populations. Adequate nutrition requires that all
nutrients are consumed in adequate amounts and in the correct proportions.
Energy is one of the most important things we obtain from food. In the body,
energy consumed is used to support metabolic processes. Energy expenditure is
made up of three components: basal metabolic rate, thermic effect of food and
physical activity. Within the diet, the role of carbohydrates is to be a source of fuel,
but overall carbohydrates are also part of energy stores, structural components of
cell walls, part of nucleic acids (RNA and DNA) and part of many proteins and
lipids. Protein is the most abundant nitrogen-containing compound in the diet. It
is a major functional and structural component of all body cells. Fats, also known as
lipids, are composed of a carbon skeleton with hydrogen and oxygen substitutions.
Understanding the pathway for each nutrient allows for the development of dietary
reference values, which aim for optimal levels of a nutrient for each population
group. The types of foods eaten in different countries are influenced by factors such
as ethnicity, culture, dietary habits, food preferences, intake patterns and food
availability, and so the classification and types of foods contained in the major ‘food
groups’ can vary somewhat from country to country.

Introduction

Centuries ago, scientists first noticed the link between foods that were lacking in the diet and
conditions or illnesses such as scurvy, pellagra and anaemia (1, 2). Occurrences of illnesses were
associated with the lack of specific and essential components in the overall diet (i.e. deficiency of
nutrients) (1, 2). In this way, some of the basic concepts which lay the foundations of the science
of human nutrition were discovered - the need for adequate nutrition for the maintenance of
body function and consequently good health (3, 4, 5). In more recent decades, human nutrition
has evolved beyond mere avoidance of nutrient deficiency and developed so that we can aim to
consume a diet that will support optimum health (6, 7). Nutritional advice has broadened to
include the prevention of lifestyle-related chronic diseases such as cardiovascular disease and
type 2 diabetes and so has led to the concept of balanced nutrition for optimal health (8).
However, these modern-day afflictions of excess often co-exist alongside the immensely serious
problem of undernutrition, which is still widespread in developing countries and among
vulnerable groups of people living in developed countries (9).
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Adequate nutrition requires that all nutrients are consumed in adequate amounts and in
the correct proportions. Adequate nutrition is required for functions such as growth and
development in utero; physical growth in infancy, adolescence and other life stages; repro-
duction, pregnancy and lactation; repair of body tissues; and resistance to infection, among
others (6, 7). At birth, breast milk provides the perfect balance of nutrients. However, when
we start to rely on a variety of foods, we require a balanced diet to maintain good health. In
the following sections, we will consider important nutrients and other attributes within an
optimal diet.

Energy

Energy is one of the most important things we obtain from food. In the body, energy
consumed is used to support metabolic processes (digestion, absorption, excretion, growth)
(10, 11). Energy intake is the sum of the energy content of macronutrients in the foods
consumed - the total of carbohydrate, protein, fat and alcohol - with fat being the most energy
dense (Table 1.1). When considering energy intake, it is important to ensure we consume
enough for our specific requirements (10, 11). If we consume too much, we store excess energy
for use in periods of energy deficit, leading to increased adiposity. To maintain a stable body
weight, we need to balance intake and expenditure - this is known as energy balance.

Energy expenditure is made up of three components — basal metabolic rate (BMR), thermic
effect of food (TEF) and physical activity (PA) (12). BMR refers to the energy required to
maintain essential functions (e.g. heart rate and respiration). It is by far the largest component
of energy requirements, accounting for approximately 70% of required energy. It varies by age,
sex and body size. Alongside BMR, there is a specific component of energy associated with the
digestion of food known as the TEF. This is caused by an increase in metabolic processes
involved in the digestion, absorption and metabolism of foods that are consumed. This
accounts for approximately 10% of our energy requirements. PA is used to describe physical
movement, which includes movement during normal daily activities, as well as exercise. This
can be the most variable aspect of energy expenditure, accounting for anywhere between 20%
and 50% of our total energy requirements (12, 13). The recommended intake of energy will be
discussed later, but it is important to note that excess energy consumed that is not utilised can
be stored as fat (adipose tissue) or glycogen (muscles and liver). The adipose tissue is the largest
energy store and, unlike glycogen, it has no limit and can continue to accumulate while the body
is in positive energy balance. Excessive adiposity is known to cause increased risk of diseases
such as type 2 diabetes and cardiovascular disease (14).

Table 1.1 Macronutrient energy equivalents

Macronutrient Energy equivalent/g
Carbohydrate 16 KJ, 3.8 kcal
Fat 37 KJ, 9.0 kcal
Protein 17 KJ, 4.0 kcal
Alcohol 29 KJ, 6.9 kcal

KJ = kilojoule, kcal = kilocalorie
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Carbohydrate

Within the diet, the role of carbohydrates is to be a source of fuel, but overall carbohydrates
are also part of energy stores, structural components of cell walls, part of nucleic acids (RNA
and DNA) and part of many proteins and lipids (3). There are many different types of
carbohydrates which differ by their basic structure. This difference in structure also affects
how easily they are digested, with more complex structures taking longer to digest than
simple carbohydrates, which are readily broken down during digestion (3, 15, 16). Fibre is
part of the carbohydrate family — and a very important but quite complex nutrient. The
exact definition of fibre is often open to question. Generally, it is an indigestible complex
carbohydrate found in plants. Fibre can either be classified as ‘soluble’ or ‘insoluble’ and
‘digestible’ or ‘indigestible’. Insoluble fibre is essentially a bulking agent which helps to
prevent constipation and maintain gut health. A low fibre intake is known to be associated
with constipation and gut disease (15, 16). The recommended intake for adults varies
slightly according to different national guidelines but ranges between 18 g and 25 g per day
(17). In the diet, the main sources of carbohydrate include starchy foods such as bread,
cereal, potatoes, rice and pasta and foods and drinks containing sugars such as milk, fruits
and confectionery. Carbohydrates are the most important form of energy in the diet, usually
contributing between 40% and 60% of energy intake. Major sources of fibre are fruits,
vegetables, pulses or legumes, wheat bran, seeds, brown rice and whole-grain products such
as breads, cereals and pasta (18, 19, 20).

Protein

Protein is the most abundant nitrogen-containing compound in the diet. It is a major
functional and structural component of all body cells. Proteins consist of one or more chains
of amino acids, with each protein having a unique sequence of amino acids. Amino acids
have the same central structure with a carboxylic acid (COOH) and amino nitrogen (NH,)
group. Proteins’ roles in the body include acting as enzymes and messengers/signallers
(hormones), as well as having essential parts to play in growth, gene expression and immune
function (3, 21, 22). Protein requirements have been defined by the World Health
Organization (WHO) as

the lowest level of dietary protein intake that will balance the losses of nitrogen from the body,
and thus maintain the body protein mass, in persons at energy balance with modest levels of
physical activity, plus, in children or in pregnant or lactating women, the needs associated with
the deposition of tissues or the secretion of milk at rates consistent with good health. (23)

However, it is also important that protein intakes are considered in terms of both the
amount and quality, with an appropriate consumption of required amino acids. Amino
acids may be categorised as essential (they need to be provided in the diet as the body cannot
synthesise them), conditionally essential (there is a measurable limitation to the rate at
which they can be synthesised) or non-essential (they can be synthesised in adequate
amounts in the body) (Table 1.2) (22).

Protein can also provide energy and typically provides 10-15% of dietary energy. Food
sources are generally split into proteins of animal origin and proteins of plant origin. Good
dietary sources of animal protein are meat, cheese, eggs and fish. Good dietary sources of
plant protein are beans, pulses, nuts and cereal products (24).
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Table 1.2 Amino acid classification

Essential Non-essential Conditionally essential
Leucine, isoleucine, valine, Tyrosine, cysteine, Selenocysteine,
phenylalanine, tryptophan, arginine, glutamine, glutamate, aspartate,
methionine, lysine, histidine, glycine, proline asparagine, alanine,
threonine serine

Fat

Fats, also known as lipids, are composed of a carbon skeleton with hydrogen and oxygen
substitutions. They can be classified into four categories, namely simple (e.g. triacylglycerol
or cholesterol esters vitamin A and D), complex (e.g. phospholipids or lipoproteins),
derived (e.g. fatty acids) and miscellaneous (e.g. carotenoids and vitamins E and K) (3, 25,
26). With respect to diet, the main components of dietary fat are fatty acids (FAs). FAs are
defined by the number of carbon atoms, the number of double bonds and the position of the
first double-bond acids. How we name FAs is quite complex, with both common names and
structured naming systems applied. The basic rule is that there are three parts: first, the
number of carbons; second, the number of double bonds; and finally, the position of the first
double bond (3, 26). For example, the common dietary saturated FA stearate is C18:0
because it has 18 carbons and no double bonds. FAs can be both saturated (all single
bonds) and unsaturated (one or more double bonds). The presence of double bonds leads to
a change in the structure of the FAs. FAs with a single double bond are known as
monounsaturated FAs, and two or more double bonds are known as polyunsaturated
FAs. Lipids have three major functions - structural, storage and metabolic. Structural fat
can include lipids associated with cell membranes (3, 25, 26). These consist of a continuous
double layer of lipid molecules into which proteins are embedded. There are three major
classes of lipids in cell membranes — phospholipids, cholesterol and glycolipids, with
phospholipids being the most common. Dietary fat is predominantly stored in the form
of triacylglycerols (TAGs). TAGs are formed by linking FAs with an ester linkage to three
alcohol groups in glycerol. These are the form in which fat is stored in adipose tissue and can
be used as a fuel source during lipolysis, where fat stores are broken down. An example of
a lipid with metabolic functions would be as a precursor to hormones such as steroids and
eicosanoids (3). Fats in the diet are found in meat, in processed cooking fats such as oils,
butter and spreads and in dairy products such as milk, cheese and cream. The average daily
energy derived from fat in a typical diet ranges between 35% and 40% of total energy and
consists mainly of triglycerides. The reccommended intake of fat is between 20% and 35% of
total energy intake (27, 28, 29). The intake of saturated fats is reccommended to be less than
10% of total dietary energy (30, 31, 32). However, recent evidence has opened a debate on
the intake of saturated fat in particular (33). In a large review and meta-analysis, de Souza
examined associations between intake of total fat and saturated fat with all-cause mortality
and morbidities. From their analysis, they suggested that saturated fat intake was not
associated with all-cause mortality or other metabolic diseases (33). Others have also
examined this relationship by specific food groups, with similar findings (34, 35). Despite
these more recent findings, the most recent review of published literature by the UK
Scientific Advisory Committee on Nutrition (SACN), the body who provides independent
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scientific evidence for the development of public health guidelines in the UK, concluded that
there is a significant body of evidence demonstrating a relationship between intake of
saturated fats and cardiovascular disease and coronary heart disease events (36). They noted
that, irrespective of the lack of evidence for an effect on mortality, non-fatal cardiovascular
disease and coronary heart disease events have a serious adverse impact on health and quality
of life, and that existing public health recommendations for saturated fat, at <10% total
energy, are to be maintained (36).

Vitamins and Minerals

Vitamins and minerals are essential components of the diet. There are a number of known
vitamins, which can be broadly split into water-soluble vitamins and fat-soluble vitamins.
B vitamins, vitamin C, biotin, folic acid, niacin and pantothenic acid are water soluble (3, 37).
Vitamins A, D, E and K are fat soluble (3, 37, 38). This solubility has a significant influence on
the metabolism, storage and functioning of the vitamin. If we do not consume enough of each
of these vitamins, we can become deficient in that vitamin, which means that whatever
function it is supposed to do in the body is neglected (3, 37, 38). For example, vitamin C is
an essential cofactor in numerous enzymatic reactions such as the biosynthesis of collagen and
the regulation of gene expression. Severe vitamin C deficiency has been known for many
centuries as scurvy (39). By the late 1700s, it was commonly known that scurvy could be cured
by eating oranges or lemons, even though vitamin C was not isolated until much later, in the
1930s (39).

Non-nutrients

Regular consumption of fruits, vegetables, whole grains and other plant foods has been
shown to have an inverse relationship with the risk of developing chronic diseases, and these
foods provide not only a range of vitamins, minerals and fibre but also a range of different
bioactive compounds, including phytochemicals (40, 41). There are over 5,000 different
phytochemicals identified to date and they each have specific roles in plant reproduction,
growth, metabolism and defence, as well as contributing to plant colour (40, 41). Taking
polyphenols as an example, polyphenol intake is hard to estimate because of large variations
in plants influenced by season, harvesting conditions, processing and many more factors.
While there is limited data on the consumption of phytochemicals overall, there has been
a huge amount of research on the relationship of polyphenols to health outcomes, and
emerging research suggests that consuming a diverse range of phytochemicals from fruits,
vegetables, pulses and whole grains is beneficial for health (42, 43). Therefore, consumers
should obtain their nutrients, antioxidants, bioactive compounds and phytochemicals from
a balanced diet with a wide variety of fruits, vegetables, whole grains and other plant foods
for optimal nutrition, health and well-being.

Nutrient Requirements

Establishing nutrient requirements was and still is considered one of the major steps in the
derivation of food-based dietary guidelines (FBDGs). Nutrient requirements are quantita-
tive nutrient intake goals or targets, known as recommended daily allowances (RDAs) or
dietary reference values (DRVs), set to meet the needs of the majority of the population (44).
During the 1950s, research in nutrition led to the emergence of the concept of the role of diet
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in health promotion, as opposed to mere prevention of nutrient deficiency. This in turn led
to the recognition that guidance was needed on consumption of energy and some macro-
nutrients (total and saturated fat), as well as components in the diet such as sugar, salt and
fibre. This led to the idea of dietary guidelines advising populations to reduce fat, salt or
sugar. In more recent decades, research focussing on the role of other nutrients (including
vitamins and minerals) in health promotion and prevention of chronic conditions such as
obesity, cardiovascular disease, type 2 diabetes, osteoporosis and some cancers has led to
increasing recognition that even micronutrients may be required in optimal amounts (44,
45, 46, 47). Therefore, although RDAs were originally designed to help protect against
deficiency of nutrients, the association of nutrition with the development of chronic disease
led to them also defining optimal levels of intake (44, 45, 46, 47).

To more fully understand what is meant by optimal levels of intake, it is important to
consider the levels of nutrient adequacy (48). For most nutrients, a stepwise understand-
ing of nutrient adequacy can be established, ranging from optimisation of body stores or
status to prevention of clinical deficiency (Figure 1.1). When considering body stores, we
can store some nutrients within cells and organs within our body. When we have
fluctuating intakes, we use these stores. If we have no intake, the stores go down - like
a petrol tank. If you do not put the petrol in, the light comes on saying petrol is low, and
eventually there is none left. Our body has biochemical measures that act similarly to the
petrol light to tell us we are low but still have some petrol/nutrient in the tank. If not
repleted, body stores will continue reducing and the function associated with that nutrient
cannot be completed. Keeping with the car analogies, if we run out of petrol, we cannot
drive; if we run out of water to clean our windscreen, we cannot clean it. Both are separate;
each has a specific function which cannot be completed without the petrol/water. In the
case of the water, the car/body can still function (because it has petrol) but it is not
working at its best. With each nutrient, before we see signs of deficiency there are mild/
undetectable symptoms, and these are the symptoms that begin to appear when stores are
low and the body is not working as well as it should (44, 45, 46, 47, 48) (Figure 1.1). For
example, when our body is low in iron, say, we could feel tired and sluggish before we
show overt signs of anaemia. Understanding this pathway for each nutrient allows for the
development of dietary reference values, which aim for optimal levels of a nutrient for
each population group (48).

Sub-clinical deficiency
7_/’\\‘_7
< "
Reduction in optimum
Loss of body stores  biochemical/ Mild/undetectable
physiological function symptoms

Optimum < T, ‘ Deficiency
nutrition

Figure 1.1 Stages in nutrient deficiency.
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DRVs are the complete set of quantitative nutrient reference values for nutrients,
indicating the specific amount of a nutrient that healthy people need depending on their
age and sex (44, 45). DRVs include recommendations for average, upper and lower levels of
intake (Table 1.3). Recommendations are given by nutrients, not foods. Instead of recom-
mending portions of meat, fish or eggs, DRVs recommend a certain amount of protein
intake in grams or recommended intake of folate in pg. It is also important to note
that DRVs should not be viewed as recommendations for individuals. Rather, they are
reference intakes for a population average (44, 45).

Recommendations about nutrient intakes are based on data and the distribution of the
specific variable in a population (45, 47, 49). A combination of random genetic and
environmental factors causes individuals to cluster near the average for many traits we
measure, with fewer at extremes away from the average. Plotting this information for any
given trait in a population results in a curve known as a normal distribution curve (Gaussian
distribution). We use this concept of normal distribution curves in determining nutrient
requirements, where the peak of the curve is equal to the average requirement for that
population, with half of the population having requirements above and half of them having
requirements below this point. This is normal for many measurements in a population -
each individual will vary so that some require more, some less. Statistical calculations
calculate the mean (or average) and the statistical variation around that average, called
the standard deviation (SD). The mean of a normal distribution plus two standard

Table 1.3 Dietary reference value definitions and nomenclature

Name Description
(abbreviation)

Population reference The level of (nutrient) intake that is enough for nearly all healthy

intake (PRI) people in a population/group. Several terms are used
interchangeably with the PRI such as recommended dietary
allowance (RDA), reference nutrient intake (RNI), recommended
intake (Rl) and adequate intake (Al).

Average The level of (nutrient) intake that is enough for half of the people in

requirement (AR)

Lower-threshold
intake (LTI)

Adequate intake (Al)

Reference intake
range (RI)

Upper intake
level (UL)

a healthy group, given a normal distribution of requirement.

The level of intake below which almost all individuals will be unlikely
to maintain optimum metabolic function according to a criterion
chosen for each nutrient.

An Al'is the average observed daily level of intake by a population
(group) of apparently healthy people that is assumed to be
‘adequate’. It is the value estimated when a PRI cannot be established
because an AR cannot be determined.

The reference intake range for macronutrients, expressed as % of the
daily energy intake, defined by a lower and upper bound. This applies
to ranges of intakes that are adequate for maintaining health and
associated with a low risk of selected chronic diseases.

The maximum level of total chronic daily intake of a nutrient (from all
sources) judged to be unlikely to pose a risk of adverse health effects
to humans.
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deviations means that 97.5% of the population’s requirements or needs are met, so only the
top 2.5% fall outside this. Using this approach, the statistical distribution of each individual
nutrient can be calculated. As shown in Figure 1.2, the average requirement is set at the
mean, with the PRI at the mean plus two standard deviations - so the requirements for
97.5% of the population will be met. The lowest threshold is set at the mean minus two
standard deviations and the tolerable upper limit, which is above the PRI (45, 47, 49).

Consumption of most nutrients greater than requirements is generally not harmful
(except for energy) (3, 10, 11). For energy, we do not recommend intakes at the mean plus
two standard deviations as this would mean that 97.5% of population needs are being met,
but many people are consuming more than they need. Therefore, if we set the energy needs
for the population near to the highest requirement, we would be asking most of the
population to be consuming above their requirements, resulting in weight gain. Over
time, small imbalances in energy intake (EI) to energy expenditure (EE), where EI is greater
than EE, can lead to overweight and obesity (3, 10, 11). Energy recommendations are
therefore given at the average for the population and we use the estimated average
requirement (EAR) (3, 10, 11) (Figure 1.2).

RDAss are set for healthy populations and are not applicable to those who have different
illnesses or conditions as their nutrient requirements are completely different (45, 47, 49).
Nutrient requirements vary with age, sex and physiological condition because of differences
in growth for younger age groups and age-related changes in nutrient absorption and body
functions and/or functional capacity. For this reason, DRVs are developed for different life
stages and sex groups (45, 47, 49). Separate reference values are also established for pregnant
and lactating women, taking into account the additional nutrient requirement for the
formation of new tissues or to compensate for the nutrients lost to the body in the form
of human milk, respectively, and considering the physiological adaptations that occur
during these conditions. The European Food Safety Authority (EFSA) provides ongoing
scientific opinions on DRVs to ensure they are underpinned by the latest available know-
ledge. In 2020, EFSA launched an interactive tool called the DRV Finder that searches by
population group or nutrient based on their published opinions (50).

ENERGY NUTRIENTS
AVERAGE REQUIREMENT
FOR ENERGY

=z l =z
(©] o |
= g
=] =i RECOMMENDED
L T | INTAKE FOR
Q o | NUTRIENT
w L
o o
® ®

1 1 1 1 1 L

-2SD Average +2SD -2SD Average +2SD
LEVEL OF REQUIREMENT LEVEL OF REQUIREMENT

Figure 1.2 Nutrient and energy distribution curve. Source: National Academy of Sciences, Recommended Dietary
Allowances, 10th ed.
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Food-Based Dietary Guidelines

While we accurately derive and set specific population nutrient requirements, people eat
food, not nutrients - yet it is the combination of nutrients in food that determines the health
of the individual. Nutritionists think of the foods that we eat in terms of the nutrients they
provide. A balanced diet must provide the following basic nutrients: proteins, fats, carbo-
hydrates (including fibre), vitamins, minerals and water, but the difficulty is that all of these
nutrients are necessary in different quantities. So, how do nutritionists communicate the
concept of good nutrition to the public? It is ironic that this most fundamental cornerstone
in human nutrition simultaneously remains one of the most challenging areas for nutrition
scientists. The translation of nutrient requirements for good health into the foods that
people should eat is a complex and indeed sometimes contentious process. FBDGs are the
translation of nutrients to food and are often referred to as ‘healthy eating guidelines’ or
‘healthy eating advice’. The nutrients needed for health are translated into the amounts
and types of foods that are required to achieve a balanced diet. Government organisations
and nutrition scientists are usually responsible for formulating and conveying these
recommendations for healthy eating to the population (51, 52, 53, 54).

FBDGs are to be used by governments as part of their national health strategies for health
promotion. In 1992, the United Nations Food and Agricultural Organization (FAO) and the
WHO identified that one major strategy to improve the nutritional status of populations was
to call upon governments to provide quantitative and qualitative dietary advice to the public
for different age groups and lifestyles. Later in 1995, the WHO/FAO jointly organised an
expert consultation titled ‘Preparation and use of food-based dietary guidelines’, where it was
concluded that FBDGs needed to take account of factors such as current dietary practices and
habits and prevailing public health problems rather than nutrient requirements alone (55).
The resulting WHO/FAO expert consultation report highlighted the rationale for FBDGs.
There was established evidence for nutrition in health and disease prevention and complex
science needed to be translated into practical guidance for people. The original concept of
FBDGs took into account both the scientific evidence and epidemiological data linking
specific food consumption patterns with low incidence of certain diseases, while not requiring
a complete understanding of the underlying biological mechanisms. This report noted some
important points that form the basis of the development of FBDGs (55). Foods make up diets
but foods are more than just a collection of nutrients. There is already good evidence from
studies (animal, clinical and epidemiological) that specific dietary patterns are associated with
a reduced risk of specific diseases. For certain micronutrients, evidence suggests that intake
higher than present nutritional recommendations may help to lower the risk of non-
communicable diseases. However, scientific evidence has not yet identified the potential
health outcomes of some non-nutrient food components (55).

More recently, in 2010, an expert panel of EFSA issued specific recommendations to be
followed for a stepwise approach for the derivation of FBDGs (56). In the European Union,
there are 27 member nations with very diverse populations. Therefore, each government
needs to identify their priorities in terms of public health issues. The diet-disease relation-
ships that exist in a particular country or region need to be established and FBDGs need to
be developed that are in line with other existing policies relevant to health promotion. For
example, there may be physical activity or alcohol policies already in existence and FBDGs
need to be integrated where possible with these. The inclusion of stakeholders early on in the
development of the guidelines is an important step in ensuring that the final outcome is
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acceptable (56). The final result should be a food guide that is consistent, easily understood
and memorable. The key recommendations of this report were as follows:

Identify diet-health relationships relevant to a particular nation

Identify nutrients of public health importance

Identify foods relevant to FBDGs

Identify food consumption patterns

Test/optimise FBDGs

Consider graphic representation of FBDGs

Implement and monitor FBDGs’ impact

NN Gk W -

While the science has evolved, the rationale for the development of FBDGs remains the
same. Most importantly, FBDGs need to be underpinned by strong scientific evidence
written or produced in a very simple, easy-to-understand format. In practice, when consid-
ering food-based recommendations, foods that are similar are grouped into food groups.
This means we can give recommendations based on food groups rather than a mix of
individual foods. Each food group provides specific nutrients or has a specific function in
the body. The major food groups often depicted or considered in FBDGs include the specific
food groups, or variations of these, depending on the source. The key attributes and
nutrients associated with each food group are also listed (see Table 1.4) (56).

Food items providing energy but few nutrients are grouped into the food group ‘Foods
and drinks high in sugar, fat and salt’ - these include foods such as confectionery, cakes,
biscuits, chocolate, crisps, savoury snacks and so on. Recommended intakes of these food
groups are given as portions per food group and often depicted in a visual way to help the
consumer understand which food groups to eat more or less. On this basis, using a pyramid
as a visual, the food group ‘Vegetables, salads and fruit’ would be depicted at the bottom,
with the greatest recommended intake of portions, and the food group ‘Foods and drinks
high in sugar, fat and salt’ depicted as the smallest food group at the top (56).

The types of foods eaten in different countries are influenced by factors such as ethnicity,
culture, dietary habits, food preferences, intake patterns and food availability, and so the
classifications and types of foods contained in the major food groups can vary somewhat

Table 1.4 Food groups used in food-based dietary guidelines

Food group Primary contribution to diet

Vegetables, salads and fruit Providing mainly vitamins, minerals, fibre and
other beneficial substances (e.g. phytochemicals)

Wholemeal breads, cereals, pasta, rice and Providing mainly carbohydrate, fibre and

other starchy foods such as potatoes B vitamins

Milk, yoghurt and cheese Providing mainly calcium and other
micronutrients

Meat, poultry, fish, eggs, beans and nuts Providing mainly protein and iron

Fat, spreads and oils Providing mainly fat and saturated fat

Foods and drinks high in sugar, fat and salt Providing sugar, fat and salt
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from country to country (51). For example, in Ireland and the UK, potatoes are consumed as
a major staple, contributing mainly to carbohydrate intake, and so are included in the group
‘Wholemeal breads, cereals, pasta, rice and other starchy foods’. However, in other coun-
tries, where they are eaten less frequently, they may be considered only in the group
‘Vegetables, salads and fruit’ (56). Similarly, the number of food groups used may differ
in different national food guides. For instance, the USA and Canada split their ‘Vegetables,
salads and fruit’ group into one food group for ‘Fruit’ and a separate food group for
‘Vegetables’. The pictorial display of the guidelines varies from country to country and
can be in the form of a plate (UK), a pyramid (USA, Ireland), a rainbow (Canada), a pagoda
(China, Korea) or a circle (Australia, Germany, Sweden) (51).

Conclusion

The basic principle of nutrition is the provision of adequate nutrients for populations or
groups within populations. Recommendations for nutrient intakes are based on scientific
evidence, using a variety of information to determine recommended intake, as well as higher
and lower levels. Each nutrient’s recommended intake is linked to its function and specific
requirements in the body. While these are precise and specific, they lack relevance for the
general public, and as such are translated into FBDGs. These aim to provide consumer-
friendly food recommendations for people to achieve a nutritionally adequate balanced diet
for optimal health and reduced risk of disease.
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Diet and the
Microbiome—Gut—Brain Axis

Feeding Your Microbes for Mental Health
Benefit
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and John F. Cryan

Summary

The assortment of trillions of microorganisms resident along the human
gastrointestinal tract, our gut microbiota, has co-evolved with us over thousands
of years. It can influence a plethora of aspects of human physiology, including host
metabolism, immunity and even brain function, cognition and behaviour across
the lifespan. The gut microbiota and the brain can communicate with one another,
directly and indirectly, through immune system modulation, tryptophan
metabolism, vagus nerve activity, the enteric nervous system and bioactive
microbial by-products, or metabolites produced by the gut microbiome. Indeed,
the gut microbiota are responsible for a rich reservoir of novel metabolites and
bioactive substances that can have pleiotropic functionalities for the host.
Moreover, diet, an easily accessible and thus powerful interventional tool, can act
as a modulator of gut-microbial composition and activity, impacting on host
physiology. As such, nutrition is seen as one of the major modulators of the gut
microbiota. Intriguingly, although psychiatric conditions often include a dietary
aspect, much research investigating this link in clinical populations ignores this
relationship, missing a key therapeutic avenue. This has led to the concept of
nutritional psychiatry, where we can use food and supplements to support mental
health and brain function. As a result, it is critical to consider emerging
microbiome-targeted dietary approaches with the greatest potential to improve
health outcomes in a psychiatric population.

Introduction

Our gut microbiota, the collection of trillions of microorganisms residing within the human
gut, influences various aspects of human physiology, including host metabolism and immune
function, and is now well recognised for its ability to influence brain function, cognition and
behaviour (1). Diet is a key modulator of gut-microbial composition and marks a potentially
easily accessible but powerful interventional tool to manipulate the gut microbiota and affect
the host’s physiological responses (2-4). Although nutrition is one of the major modulators of
the gut microbiota, and psychiatric conditions often include a dietary aspect, studies investi-
gating the gut-microbiota composition in clinical populations often ignore this relationship
(5). This has led to the concept of nutritional psychiatry (6), using food and supplements to

15


https://doi.org/10.1017/9781009299862.003

16 Kenneth J. O'Riordan et al.

support mental health and brain function, which is gaining considerable traction (7, 8). In this
chapter, we will survey the clinical research landscape to ascertain the current level of
knowledge, identify the main knowledge gaps and list potential future research that would
be beneficial to the field, focussing on emerging microbiome-targeted dietary approaches with
the greatest potential to improve health outcomes in a psychiatric population.

The Gut Microbiome

The human gut microbiome, the collective term for the hundreds of trillions of bacteria,
viruses, phage and archaea (gut microbiota) residing in the gastrointestinal tract, including
the full compilation of associated genetic material, has been a part of human biology from
the very beginning. In fact, microbial organisms existed long before humans came along,
and thus there has never been a time when humans have not been influenced by microbes or
the brain has been without signals from the gut. This at times symbiotic relationship has co-
evolved over thousands of years and plays a critical role in health, well-being and host
physiology; therefore, understanding the core mechanisms involved is vital for appreciating
how our microbiome contributes to our health, and in particular our neurological function.
Moreover, diet remains the most direct and easily modifiable form of interaction with the
gut microbiota, presenting nutrition as a viable option to modulate host gut-microbiome
interactions to promote health and treat disease (9, 10).

Research into the gut microbiome has advanced exponentially in recent years. Although
much of it has explored hypotheses in pre-clinical models, more studies are beginning to
examine human gut-microbiome changes in healthy and clinical populations. One of the
main reasons for the boom in microbiome research is the development of microbiome
bioinformatic pipelines for analysis, reduced costs and advances in sequencing; that is,
‘omics technologies’ (specifically genomics, full genetic characterisation of an organism;
transcriptomics, analysis of the mRNA transcripts indicating active cellular processes;
proteomics, a measure of currently active proteins; and metabolomics, a measurement of
the complete set of metabolites in a sample). Such technological advances have enabled
scientists to fully explore how microbes affect human biology. In fact, we have since
determined that over 99% of our genes are microbial. For every human gene counted,
there are over 100 non-human (microbial) genes measured. Given that microbes are far
more genetically dense than a human cell, current estimates have determined that there are
~1.3 microbial cells to every human cell in a human body from 500 to 1,000 different
bacterial species. As such, our composition is more non-human than human. Furthermore,
while the inherited genome is mostly stable throughout the lifetime of the host, the
microbiome is large, diverse, adaptable and infinitely modifiable, presenting itself as
a potential target for therapeutic intervention.

The most abundant type of microbe in the gastrointestinal tract is bacteria, and as such
this is the most studied to date. However, archaea, yeasts, single-celled eukaryotes,
helminth parasites and viruses, including bacteriophage, also share our gastrointestinal
tract with bacteria. In fact, the gut virome (predominantly composed of bacterial viruses
such as bacteriophage) remains a relatively unexplored area, with much of our current
understanding based mostly on sequencing information from faecal samples, which
represents only a static snapshot of the colonic virome. However, there does appear to
be a strong association in measures of diversity between the gut virome and gut
bacteriome.
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Gastrointestinal bacterial classification follows the normal Linnaean taxonomic rank: spe-
cies, genus, family, order, class and phylum; they are largely defined by two bacterial phylotypes,
Bacteroidetes and Firmicutes. However, Actinobacteria, Proteobacteria, Fusobacteria and
Verrucomicrobia phyla are present in relatively low abundance. Human gut-microbial colonies
have been classified into three distinct enterotypes, which are distinguished by high levels of
a single microbial genus: Bacteroides, Prevotella or Ruminococcus.

It is important to note, however, that our understanding of the gut microbiome and its
involvement in host physiology is still in its infancy, and currently we are only able to
characterise the functional output of relative shifts in the microbiome under study. Current
work can only report on broad correlations between large, obvious gut-microbial compositional
changes; it is not yet feasible to define a causal role for these correlational observations. This is
further complicated by the fact that we cannot yet define the cocktail of a healthy gut
microbiome, as this appears to be unique to each individual and experiences many shifts during
the host lifespan. Although temporal intra-individual differences are seen to be smaller than
inter-individual differences, the maintenance or disruption of the host gut homeostasis is seen
as a fundamental determinant in health and disease. Where possible, we will try to indicate if
observed changes in a study are causative or correlative. Nonetheless, current collective
understanding highlights the importance of homeostasis for each balanced compositional
signature within a host, where disruption of this results in increased susceptibility to disease.

In Silico Methods Used to Study the Gut Microbiome

While we are capable of collecting vast amounts of data such as the microbes that are
present, where they are present and what they are doing, understanding what questions to
ask is central to understanding the functional relevance of our microbial friends. With the
advent of high-throughput sequencing and the technological explosion over the last 10-15
years allowing for the use of artificial intelligence and deep machine learning, it is now
possible to broaden the multi-disciplinary efforts and involve bioinformatic and sequencing
approaches. Analysing and interpreting microbiome data outputs can be challenging, in
part because of the sheer number of specialist software tools needed to pre-process and
analyse the data (11). It is important to note that microbiome data is compositional and thus
undergoes compositional data analysis (CoDA) (12). Further, because microbiome count
data typically has many zeros, and the logarithm of a zero is undefined, we cannot ignore
zero counts in our data; indeed, this remains under heated discussion in the open forum and
several reasonable solutions have been proposed (e.g. the ALDEx2 framework).

Bioinformatics

Bioinformatic investigations, which include biostatistics, data analysis and computational
biology of data garnered from pre-clinical and human studies, involve complex computa-
tional algorithms. The earliest attempts at understanding databases of information accrued
from large studies include the Human Microbiome Project and MetaHIT, which have been
instrumental in training researchers on how to handle big data. Statistical modelling
methods such as multi-dimensional scaling and consortia abundance and diversity are
now commonplace in gut-microbiome sequencing and analysis. While it is common to
model genetic sequences (genomics), studies also often look at the transcriptome, proteome
and metabolome. As such, large complex modelling algorithms and dataset handling
pipelines become critical tools in the research.
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Genomic Sequencing

There are two main methods regularly used in microbiome sequencing, 16S (or amplicon)
sequencing and whole-genome shotgun (WGS) sequencing (13), both of which have distinct
and complementary advantages. Both techniques are biased towards detecting specific
genetic sequences and thus, by extension, specific microbial taxa. Much recent effort
has been driven towards consolidating analysis pipelines across the field by standard-
ising sequencing and analysis protocols with the aim of improving output quality and
comparability across different studies.

16S sequencing has been very popular, mostly as it is much cheaper to perform than
WGS and is therefore available to more laboratories across the world. It includes methods
where an evolutionarily preserved genomic sequence is targeted and sequenced. 16S uses
next-generation sequencing (NGS) technology to measure the relative abundance of
microbes present in a sample. The protocol involves the ubiquitous polymerase chain
reaction (PCR) technique to amplify a specific and highly conserved genetic sequence
(amplicon) that is present in all bacterial members of the sample. These sequences cluster
based on their genetic relatedness and sum to give a metric of relative abundance.
Technically, any sequence can be amplified, but usually known and highly conserved 16S
ribosomal RNA subunit sequences are used. This information allows us to classify and
differentiate microbes within a sample. From this information, we can predict the functional
potential of the microbiota within the sample from the 16S output using well-verified and
highly implemented bioinformatic tools such as PICRUSt (Phylogenetic Investigation of
Communities by Reconstruction of Unobserved States), Tax4Fun (14) and Piphillin (15).

However, it is important not to ignore the obvious limitations of the 16S method. It
cannot identify novel microbial species, nor can it account for intraspecies variation and
mutations. This is because the technique can only compare against a reference genome
defined in a database. Secondly, some amplicons will amplify more efficiently than others
using the PCR method, something that cannot be avoided or controlled for, which imparts
bias on the sample output. When aligning operational taxonomic units (OTUs) or amplicon
sequence variants (ASVs) to a database, the Silva and Greengenes databases are widely
recognised as the most extensive and accurate (16). Further, the QIIME2 platform is an
excellent and well-maintained Python-based resource for microbiome analysis (17).

WGS, on the other hand, is far more expensive and thus usually limited to well-funded
research projects or government/industry-based programmes of research. Here, all genetic
material in a sample is targeted and sequenced. The output is of a far higher resolution and
specificity as the technique constructs de novo genomes or aligns the sequences garnered
from NGS to a reference database. Thus, taxonomic and functional classification of shotgun
metagenomics data is more computationally intensive and provides strain-level resolution
of both microbial abundance and the functional capacity of a sample. Common tools used in
WGS to process raw data include bioBakery, Kraken2 and Bracken.

The main advantages of WGS over 16S include the omission of the PCR step in
sequencing a sample, thus removing the inherent potential for bias. Also, as the whole
genome is sequenced and not just an amplicon, the output read is far more reliable an
identifier of what is in the sample and its functional relevance. It also allows us to identify
novel strains or mutations and save sequence reads for future analysis when more informa-
tion on unknown sequences will inevitably be available. So why would one choose 16S over
WGS, apart from the cost advantage? 16S is the preferable option in samples that are heavily
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contaminated by off-target DNA (host cells/tissues). Further, the 16S subunit ribosomal
RNA is a unique prokaryotic sequence, so host DNA contamination is not a problem.
Because of the nature of the exponential amplification of the sequence in the PCR technique,
16S may be preferable when working with lower amounts of genetic material.

Methods of Describing the Microbiome

Because the gut microbiome is essentially a highly complex ecosystem, working with the
output data provides many challenges when converting vast quantities of high-dimensional
data into understandable metrics. As a result, bioinformaticians draw upon techniques and
methods described previously by ecologists and statisticians who have dealt with these
challenges for decades. Such methods include multi-dimensional scaling and describing the
abundance and diversity of an ecosystem, albeit modified to suit data from microbiome
samples. These methods are readily adapted to our needs as long as we maintain the
understanding that both 16S and WGS techniques produce compositional data, which
only contains information about ratios between parts (microbial species) of a whole (the
complete sample), but does not contain information about absolute counting numbers (18).
Further, the properties of compositional data are different from classical datasets, and thus
statistical tools such as Pearson’s correlation coefficient cannot be employed here. For
example, the initial comparison examined in most studies is comparative relative abun-
dance. However, we are never dealing with absolute counts of organisms, but rather the
relative abundance of one genus/species to another. Therefore, we cannot ignore the fact
that relative abundance may change substantially where absolute numbers may not.

The next metric usually examined is microbiome diversity, where the degree of
heterogeneity within a sample or between two samples is measured. Using a variety of
different statistical formulae, diversity metrics are reported as a-, p- and y-diversity (19, 20).
a-diversity is used to describe the differences found within a sample, whereas -diversity
describes the dissimilarity between samples measured. y-diversity is then used to explain
the total species diversity across all samples in an experiment but is not as useful as a and 8
descriptors for microbiome research. The different formulae employed use different
weighting of factors such as species distribution. However, it should not be taken as
a principle that a higher a-diversity necessarily means it is better, as many examples in the
literature have indicated that an elevated a-diversity is associated with abnormal or
unhealthy states relative to healthy controls. a-diversity is also at the mercy of PCR
bias, and measures are sensitive to the number of rare taxa that are present in a given
sample and thus sequencing depth. For example, after an antibiotic treatment, a-diversity
may appear higher, which could be due to the emergence of more rare taxa appearing that
otherwise would have been filtered out of the original data management pipeline.

Itis important to appreciate the assumptions and limitations inherent in trying to describe
the differences between two different complex ecosystems and attempting to distil that into
a single number. The most commonly used methods of measuring these differences in
modern microbiome bioinformatic pipelines include Jaccard’s index (describing the
proportion of unique taxa shared between two samples without taking abundance into
account); Euclidean distance (measuring the geometric distance by applying the
Pythagorean theorem, where every microbe is a separate dimension); Bray-Curtis dis-
similarity (a combination of Jaccard’s index and Euclidean distance); UniFrac
(unweighted/weighted, making use of phylogenetic information to measure differences
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between samples); and PhILR (using a log-ratio transformation called the isometric
log-ratio (ILR) transformation; uses a phylogenetic tree to recast the microbiome
variables as a series of log-contrasts/balances). It must be noted, however, that p-diversity
should not be calculated on centred log-ratio (CLR) or similar transformed data because
features are inherently negatively correlated. One possible method suggests that after the CLR
transformation, the values of features can take on any value (unlike count data); therefore,
classical statistical approaches should be applied only after transformation.

Another important metric that needs to be considered is volatility: the degree of change
in the microbiome over time that is inversely related to stability. It essentially encompasses
a change in a sample’s a- or B-diversity over time. As a rule, it is considered that a higher
level of volatility is associated with negative health outcomes, and vice versa (16).
A common measurement is comparing [-diversity between two or more points in time
from the same sample donor, and it has been recently demonstrated that microbiome
composition partially explains microbiome volatility.

Once we have the statistical data to hand, it is necessary next to visualise metrics such as
relative abundance. This is performed by applying a multi-dimensional scaling (MDS)
algorithm or a principal component analysis (PCA). The PCA plots distances between
every combination of two points in a set as coordinates in a two- or three-dimensional plot.
These are then used as input determinants to plot each sample in an experiment to visualise
the dissimilarity of individual samples: the closer two samples are, the more similar they are.
To understand why we need this level of resolution and detail in our studies of the gut
microbiome, we now turn our attention to the potential impact this collection of microbes
has on human physiology.

The Microbiome—Gut—Brain Axis

The microbiome-gut-brain axis is a relatively recent concept that describes the
mechanisms involved in the bidirectional communication pathways between the gut
microbiome and the brain. Much research is currently focussed on illuminating these
communication pathways, which include direct and indirect signalling mechanisms
through immune system modulation, tryptophan metabolism, vagus nerve activity, the
enteric nervous system and bioactive microbial by-products, or metabolites, produced
by the gut microbiome. Indeed, the gut microbiota offer the potential of a rich
reservoir of novel metabolites and bioactive substances that can have pleiotropic
functionalities for the host (21).

Earlier gut-to-brain (bottom-up) communication work focussed on digestive function
and satiety; more recently, attention has turned towards higher-order cognitive and psy-
chological effects in both bottom-up and brain-to-gut (top-down) mechanisms. This
research has highlighted the pathophysiological consequences of a dysfunctional reciprocal
gut-brain network, exacerbated by gut inflammation disorders, altered responses to both
chronic and acute stressors and altered behavioural states. Pre-clinical studies involving
lower animals such as worms, fish and rodents have been instrumental in such research,
where germ-free (completely devoid of any microbial colonisation) and antibiotic-treated
mice (strongly ablated gut microbiota) have helped parse the role of microbiome-gut-brain
signalling across the lifespan. Although translationally limited, such pre-clinical models
provide unique insight into how the gut microbiota can shape the behaviour, physiology
and neurobiology of its host (22).
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Germ-Free

The first report of germ-free animals dates back to an aseptic C-section performed in 1897
where the animals were kept germ-free for up to two weeks (23). This technique did not
become a regular model used in research until the mid-1940s, when successive generations
of germ-free rodents were routinely produced. Similar methods are used today to produce
a variety of genetically distinct germ-free rodents. While the initial colony is delivered via
C-section, subsequent generations can be delivered per vaginum germ-free. More recently,
a new method to produce germ-free animals involves embryonic transfer at the two-cell
stage into a germ-free host mother (24).

These germ-free animals have extraordinarily different physiology and neurodevelop-
ment than conventionally colonised animals. Lacking a gut microbiome across early life
development results in reduced body weight, impaired intestinal function, lower concen-
trations of most gastrointestinal luminal amino acids and, intriguingly, longer lifespans
than their conventional counterparts. Germ-free mice tend to have an impaired immune
system, altered metabolism, dysregulated hormone signalling and differences in neuro-
transmission, although the germ-free phenotype varies across species (mouse vs. rat), sex,
research group and strain, thus demonstrating that host genetics and the gut microbiome
are important influencers of the phenotype. While these animals have limited translatability
to human situations, they have nonetheless been an integral starting point in examining
whether the gut microbiome is involved in a given process or not. A strong advantage of the
germ-free model is the ability to mono-colonise the germ-free mouse with individual strains
of bacteria (generation of gnotobiotic mice) or cocktails of known consortia, including
performance of a faecal microbial transplantation (FMT) from another mouse or human
donor.

Antibiotics

Researchers have also used antibiotics as a means to temporally and specifically ablate
a conventional animal’s gut microbiota to study the impact of microbiota perturbations on
brain and behaviour. Antibiotics can be given acutely (days) or chronically (weeks) at any
stage across an animal’s lifespan across varying dosages, providing greater control over the
extent of microbial depletion. Singular antibiotics with known specific effects can be used or
cocktails designed to substantially ablate the entire microbiota. More recently, non-
absorbable antibiotics (e.g. vancomycin, neomycin and bacitracin) have been the method
of choice to ensure targeted effects on gut microbiota with minimal direct effect on the host.
They avoid potential central and systemic effects while allowing direct assessment of the
effect of a perturbation of the gut microbiota on the brain. The field is moving away from
using the likes of metronidazole and minocycline as they can enter systemic circulation and
potentially have a direct effect on the brain and behaviour. Moreover, antibiotics allow us to
more closely model the clinical scenario in humans. Such translational relevance and
experimental flexibility allow antibiotics to be a hugely valuable tool in the study of the
microbiome-gut-brain axis and form a key component of studies in the field.

Faecal Microbial Transplantation

Another technique commonly used is FMT. Here, intestinal microbiota from one individual
(human or rodent) is transferred into a donor mouse (germ-free or antibiotic-treated) or
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from human to human. Successful engraftment of the donor consortia is achieved via
administration of specially prepared faecal material via oral gavage in rodents or colonos-
copy in humans. This establishes a donor-like microbiome in the gastrointestinal tract of the
recipient. Such a technique allows for stronger inferences to be made regarding the causal
relationships between gut microbiome and host outcomes.

While FMT is a frequently used pre-clinical technique, it is not a new procedure.
Currently, FMT is being trialled as a viable treatment option in inflammatory bowel
disorder (IBD), irritable bowel syndrome (IBS) and chronic constipation. However, clinical
trials are limited because of potential safety concerns (25). Pre-clinically, FMT is an effective
method for ‘humanisation’ of the rodent microbiota in a laboratory setting, thus enhancing
translatability.

FMT has revealed the transferral of behavioural phenotypes from rodent or human to
rodent, including anxiety-like and depressive symptomatology, which highlights the role
the gut microbiome plays in regulating anxiety and depression. Germ-free mice are known
to have a reduced body weight; when humanised with an inoculum from obese individuals,
these mice gained a significant amount of body weight compared to control animals given
an FMT from lean individuals, indicating the importance of the donor characteristics and
nutrition. FMT is usually performed in germ-free mice or conventional animals that have
been pre-treated with antibiotics, increasing the likelihood of a successful engraftment but
with the proviso of markedly altered physiology.

Pathways of Communication

There are many pathways that connect the gut microbiome to the brain, and vice versa, both
directly and indirectly. While we have learned a lot about these mechanisms to date, we still
do not fully understand the underlying mechanisms involved in bidirectional signalling
between the gut microbiome and the brain. However, it is clear that there is perpetual
communication between both in the regulation of host homeostasis and health. The main
systems involved include endocrine, nervous, immune and small-molecule signalling.

Neural Pathways of Communication

The central nervous system (CNS) and peripheral nervous system (PNS) are both involved
in relaying direct and indirect information between the gut and the brain (Figure 2.1).
Specifically, the autonomic nervous system (ANS) acts as a neural relay network managing
corporeal functions that require no conscious effort, such as breathing, heartbeat and
digestion. The ANS itself comprises sympathetic and parasympathetic branches that,
when combined with the enteric nervous system (ENS) under central control, are respon-
sible for regulating host homeostasis and together comprise a vast, complex neural network
throughout the body connecting the brain with the gastrointestinal tract. In particular, the
ANS oversees important gut functions including gut motility and permeability, epithelial
fluid maintenance, secretion of bile, luminal osmolarity, carbohydrate-level maintenance,
mechanical manipulation of the mucosa, and bicarbonate and mucus production, as well as
the intestinal-fluid handling and mucosal immune response (26).

From a bottom-up perspective, incoming visceral information from the gut to the brain
travels along the ANS to the central networks, where positive and negative feedback loops
are activated, providing the gut with immediate and direct top-down responses to manage
homeostasis, as well as reactions to visceral pain and stress (27). Both sympathetic and
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Figure 2.1 The main pathways of communication between the gut microbiome and the brain.

parasympathetic innervation can influence ENS activity controlling motility and the rate of
delivery of nutrition from the diet along the gastrointestinal tract. Such activity can also be
triggered by interoceptive afferent feedback from the gut, instigating bottom-up responses.

The gastrointestinal tract is innervated by sympathetic neurons including postgangli-
onic vasoconstrictor cells and secretion and motility suppression neurons. These neurons
are amenable to modulation which results in altered transit, motility and secretion, mostly
through cholinergic activation mechanisms and smooth muscle sphincter contraction. The
sympathetic nervous system in the gut is also believed to control the intestinal mucous layer,
which is a critical structure involved in the local immune response and microbial compos-
ition maintenance.

There are two main neuroanatomical pathways of neural signalling from the gut to the
brain. One is pain sensation carried by the splanchnic nerve, and the non-painful signalling
mechanisms, conveyed by the vagus nerve. The vagus nerve is the 10th cranial nerve and
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extensively innervates visceral tissues, rapidly relaying signals from brain and gut, and vice
versa. It is composed of 80% afferent and 20% efferent fibres which transmit vital informa-
tion from the gut, respiratory and cardiovascular systems and provide central feedback to
the viscera. In particular, the gut is home to the hepatic and celiac branches of the vagus
nerve, where intraganglionic laminar endings and intramuscular arrays and terminal axonal
endings in the mucosa form connections with the muscle wall, enteroendocrine cells and
neuropods. Vagus afferents are polymodal in that they perform many different tasks
including responding to hormonal, chemical and mechanical signals. This system is also
home to the vago-vagal anti-inflammatory reflex loop, which can modulate circulating
levels of proinflammatory cytokines and macrophage activation.

Pain, discomfort, inflammation and injury sensory information is carried by spinal
mechanisms, specifically spinoreticular, spinomesencephalic, spinohypothalamic and spi-
nothalamic tracts to the brain. Under conditions of homeostasis, nociceptive signalling is
under gated control, where associated neurons are quiescent until a stimulation threshold
has been surpassed, where information is then conveyed. Vagal and spinal signal conduc-
tion mechanisms do not necessarily operate under a mutually exclusive tone; physiological
events such as distension, motility, inflammation, pain, pH change, cellular damage and
temperature can be transmitted through either spinal or vagal neurons via the nucleus
tractus solitarius (NTS) of the brainstem.

Sensory vagal neurons synapse on nuclei in the nodose ganglia and brainstem, whereas
fibres from the gut mostly synapse on the NTS where information signals to the hypothal-
amus, nucleus accumbens and ventral tegmental area, as well as other brainstem nuclei. The
NTS also has the capacity to influence noradrenaline and serotonin neurotransmitter
signalling mechanisms. This is highly relevant for identification of neural pathways involved
in gut modulation of behavioural responses, as the NTS has been shown to orchestrate the
integration of interoceptive feedback information transmitted via the vagus nerve from gut
to brain and vice versa, essentially acting as a hub for microbiome-gut-brain signalling.

A useful mechanism for the study of microbiome-gut-brain signalling mechanisms is
either removing (vagotomy) or artificially stimulating (vagal nerve stimulation (VNS)) the
vagus nerve (28). Vagotomy is a technique that has been used in humans as a treatment for
peptic ulcers, which can result in an increase in the incidence of psychiatric disorders. In
rodents, vagotomy has been shown to alter motility and anxiety-like and fear-related
behaviour, as well as stress responsiveness. At a cellular level, vagotomy has been reported
to reduce hippocampal neurogenesis, a brain structure critical for learning and memory.
Conversely, VNS has been used as a viable treatment method for refractory depression and
chronic pain in humans, indicating its involvement in mood regulation. In rodents, VNS
increases hippocampal neurogenesis and regulates neurotransmitter (norepinephrine,
5-HT and dopamine) release in brain regions associated with depression and anxiety,
thus indicating the potential for gut microbes to use the vagus signalling mechanisms to
alter host emotional and behavioural responses.

At this critical interface between host and gut luminal contents, the gastrointestinal
neuronal network of the ENS is intricately integrated into microbiome-gut-brain axis
signalling pathways. There are two main ENS structures largely responsible for coordinating
motility and the movement of fluid along the tract: the submucosal and myenteric plexus.
Intestinofugal neurons signal sensory information to sympathetic ganglia that continue
along spinal and vagal afferent routes, providing an opportunity for gut luminal contents to
influence gut function and signal to the CNS. However, it is still unclear if microbial factors
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can directly signal to the ENS in a healthy host. Interestingly, germ-free mice have significant
ENS ultrastructure and neurochemistry abnormalities and deficits in intrinsic sensory signal-
ling, which was reversed upon recolonisation. Here, recolonisation increased enteric neural
serotonin and serotonin receptor expression, ultimately restoring normal gut physiology,
implying a role for the gut microbiota in serotonin signalling to the ENS, as well as
neurogenesis, neural cell differentiation and cell turnover.

The use of antibiotic treatment in rodents to study the involvement of the gut microbiota
in ENS signalling resulted in wide-ranging effects, including changes in neuronal and glial
architecture, neurochemistry and fundamental ENS function. In an autism mouse model,
similar ultrastructural and neurochemical changes in the ENS, combined with changes in
the faecal bile acid profile to those in antibiotic-treated animals, were noted. Further,
recolonisation of germ-free mice with individual bacterial strains or supplementation of
conventional animals with microbial metabolites has been demonstrated to influence ENS
function (29). Indeed, different microbial strains appear to have differential effects on
neuronally driven secretomotor responses.

Immune System Signalling

The densest concentration of immune cells in the human body exists along the
gastrointestinal tract, at the interface of microbes and host, which can communicate
via direct physical contact or through the release of secreted compounds. This single-cell
layer of gut tissue is tasked with limiting contact of the visceral tissue with the gut
luminal microbiome and contents; it achieves this by secreting a protective viscous mucus
layer from epithelial goblet cells. The vast majority of host-microbe interaction takes
place at this mucosal-luminal interface where recognition of self and non-self-antigens
help to prime the immune system to identify potential pathogens. Here enterocytes,
secretory cells, chemosensory cells and gut-associated lymphoid tissue (GALT) interact
with lymphocytes and release mucous from goblet cells, antimicrobials from Paneth
cells, and cytokines and neuroendocrine compounds (e.g. ghrelin, somatostatin,
cholecystokinin, peptide YY and serotonin) from enteroendocrine cells.

Host immune cells have evolved to identify bacteria by polysaccharides, peptidoglycans
and other antigens expressed both intracellularly and on their outer membrane. Pattern
recognition receptors expressed on gut epithelial cells recognise the unique bacterial
molecular patterns expressed that help identify commensal from pathogen. Moreover,
bacterial metabolites (bacteriocins, bile acids, neuromodulators and short-chain fatty
acids (SCFAs)) can act as immunomodulatory compounds, having anti-inflammatory
effects via astrocytes, and are involved in the modulation of microglial function.
Activation in the gut can lead to a release of chemokines, cytokines, neuropeptides,
neurotransmitters and endocrine messengers, which can infiltrate the blood and lymphatic
systems. It has been shown that the gut microbiome can influence the local release of innate
immune cells (e.g. basophils, monocytes, macrophages, eosinophils, neutrophils, mast cells,
platelets and natural killer cells); however, the interaction between gut microbes and
resident innate immune cells in the brain has not been investigated until recently (30).

Much current work is focussed on examining microglia-microbiota interactions as
potentially key mechanisms underlying microbiota-immune-brain interactions. Brain-
bound microglia make up about 5-12% of all cells in the brain and are immune sentinels
solely responsible for mounting an immune response in the brain against potentially
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pathogenic intruders. Even though they reside at a distance from the gut, microglia matur-
ation, activation and differentiation are amenable to signals from microbes in the gut, as
established from research using germ-free and antibiotic-treated rodents. Surprisingly,
these alterations were reversed after cessation of antibiotic treatment or recolonisation of
the germ-free gut. Therefore, a healthy and diverse gut microbiome is required for proper
brain immune function. Microglia have also been shown to recruit monocytes from the
periphery to the brain to help with the neuroimmune response and clear debris, a process
that was modulated by supplementation with probiotics. Thus, gut microbes have the
capacity to indirectly modulate centrally mediated events through regulation of monocyte
trafficking to the brain, including subsequent microglia activation.

Not only is the innate immune response influenced by gut-microbial signalling but
adaptive immune programming can also be shaped by host exposure to microbes. In
a pre-clinical model, B and T lymphocytes were modulated after supplementation with
a synbiotic containing L. reuteri and a tryptophan-rich diet. Indeed, gut-derived immuno-
globulins (e.g. IgA) were discovered in the CNS after exposure to experimental autoimmune
encephalomyelitis, a pre-clinical model for multiple sclerosis; these cells were found to
suppress inflammation through interleukin-10 (IL-10). IL-10+T-regulatory and T-helper
cells also appeared to be regulated by levels of abundance of Clostridium, emphasising that
gut microbes may be working synergistically with the adaptive immune system and the CNS.
Further, specific bacterial antigens were demonstrated to respond to dietary components,
suggesting that diet and nutrition could be a viable therapeutic avenue in need of exploration.

Enteroendocrine Signalling Mechanisms

Enteroendocrine cells (EECs) are important sensory cells resident in the gut epithelium
involved in the maintenance of gut homeostasis, where they coordinate alterations in the
gut-nutrient luminal content with metabolic and behavioural responses (e.g. regulation of
insulin secretion; food intake). Enteroendocrine L cells and enterochromaffin cells are the
two most-studied EECs and are most abundant in the distal small and large intestines,
alongside the greatest concentration of bacteria in the gut. They span the gut epithelium
from the apical to the luminal side where they interact with luminal contents including
microbial metabolites. EECs have a long lifespan, allowing them to integrate with the local
ENS and immune system responses.

Enteroendocrine L cells secrete two very important and potent anorexigenic hormones,
glucagon-like peptide-1 (GLP-1) and peptide YY (PYY), in the postprandial state, controlling
host eating habits. Receptors for these hormones exist both locally on gut enteric neurons and
in the CNS. In particular, the neuropod, a basolateral cytoplasmic process of EEC L cells, has
been shown to synapse to local ENS glia cells and vagus nerve afferents, indicating that they
could signal directly from gut to brain. L cells can respond to gut-derived carbohydrates via
sodium-coupled glucose transporter (SLC5A1), long-chain fatty acids via free fatty acid
receptors (FFARI and FFAR4) and monoacylglycerols via G-protein-coupled receptors
(GPR119). Colonic EEC L cells tend to be exclusively activated by bacterial-derived
metabolites such as SCFAs, which in turn can stimulate the secretion of GLP-1 and PYY
through the FFARs (31).

Bacterial fermentation of non-digestible food ingested by the host continues at a slow
pace between meals, supporting colonic L-cell activity and the secretion of anorexigenic
hormones for hours afterwards. This results in a basal secretion of GLP-1 and PYY, which
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plays an important role in the control of food intake by the host, indicating important
implications for metabolic disorders and obesity. Thus, this suggests an avenue for control-
ling appetite through careful formulation and delivery of fermentable foodstufts through
the diet (e.g. prebiotics, probiotics) to decrease food intake and body weight and improve
overall glucose tolerance. Already, prebiotics such as the polysaccharide inulin, as well as
fructooligosaccharides (FOS) and galactooligosaccharides (GOS), have been shown to
increase GLP-1 and PYY production. Similarly, specific Lactobacillus strains can stimulate
GLP-1 production. Altogether, these findings demonstrate the importance of bacterial
metabolites and adequate diet in the maintenance of metabolic health, and that gut
microbes can regulate the secretion of GLP-1 and PYY.

The majority (>95%) of serotonin in a human is produced by enterochromaffin cells (ECs)
in the gut through metabolism of dietary tryptophan. However, gut-derived serotonin cannot
cross the blood-brain barrier (BBB) and therefore is unlikely to have a direct effect on the
brain. Nonetheless, gut-derived serotonin likely impacts gut-brain signalling by modulating
local vagal and immune pathway activity. In the gut, serotonin activates intrinsic and extrinsic
afferent nerve fibres to mediate gastrointestinal functions such as electrolyte secretion,
intestinal peristalsis, pain perception and inflammatory responses. However, we know very
little about the interaction between ECs and the gut microbiome. Using the germ-free model,
recent work has indicated that certain strains of bacteria can upregulate expression of the
rate-limiting enzyme in the production of serotonin (tryptophan hydroxylase 1 (TPH1)),
modulating gut-based serotonin biosynthesis and increasing intestinal transit.

The hypothalamic-pituitary-adrenal (HPA) axis is one of the main neuroendocrine
systems and a key non-neuronal signalling mechanism of gut-brain communication. It is
principally known for its role in the stress response in priming the fight-or-flight response.
Germ-free animals exhibit a hyper-responsive HPA axis, characterised by increased plasma
levels of corticosterone, indicating a role for the gut microbiome in HPA axis modulation.
Interestingly, IBS patients have exaggerated adrenocorticotrophic hormone (ACTH) and
cortisol responses to corticotrophin-releasing factor (CRF) infusion, resulting in altered
HPA axis activation. Interestingly, VNS can increase the levels of ACTH and corticosterone,
as well as the expression of CRF mRNA in animals, highlighting an interplay between the
vagus nerve and HPA axis activity. Therefore, more research is needed to understand this
relationship.

Small-Molecule Signalling Mechanisms

It has long been understood that microbes in the gut use neuromodulatory metabolites to
communicate with each other, similar to those used by the host nervous system. These
molecules include neurotransmitters such as tryptophan precursors and metabolites, sero-
tonin (5-hydroxytryptamine (5-HT)), y-aminobutyric acid (GABA) and catecholamines
(noradrenaline, norepinephrine and dopamine), all of which can influence host mood,
behaviour and cognition (32, 33). Therefore, it is of utmost interest to the field to ascertain
at what level these microbially derived bioactive neurotransmitters interact with the host
nervous system. For example, the microbially derived metabolite 4-ethylphenylsulfate is
sufficient to induce anxiety-like behaviour in mice and can also modulate motor activity in
fruit fly (drosophila). It is important to note, however, that many of the host-microbe
metabolite interactions that occur at the luminal interface could also affect indirect action in
the brain.
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Many other microbial metabolites are beginning to come under the microscope for their
dual role in the microbe and host. For example, catecholamines, which are involved in the
stress-induced fight-or-flight response in the host, promote pathogenesis and growth in
bacteria. It has been shown that host production of norepinephrine can induce bacterial
virulence gene expression, driving infection and mortality in the host. While the ENS can
synthesise dopamine and norepinephrine, it cannot make the enzyme that converts norepin-
ephrine into epinephrine (phenylethanolamine N-methyltransferase); however, the bacterial
enzyme {-glucuronidase has been shown to play a critical role in converting host norepin-
ephrine and dopamine, further emphasising the synergistic nature of humans and their
microbial passengers. Indeed, many gut-based bacterial strains can produce catecholamines
(e.g. Escherichia = norepinephrine; Bacillus = norepinephrine and dopamine), which are
identical in structure to those produced by the host. Moreover, both host- and gut-derived
bacterial strains have the capacity to convert glutamate into GABA, the major inhibitory
neurotransmitter of the host nervous system. For example, Lactobacillus spp. and Escherichia
spp. have been shown to synthesise GABA, as well as glutamic acid, although its importance is
unclear. Further, five different bacterial strains isolated from the human gut were discovered
to be capable of converting monosodium glutamate into GABA. Recent work has even
proposed that the faecal microbiome has the ability to encode the enzyme that converts
glutamic acid into GABA (glutamate decarboxylase).

Other gut-bound neurotransmitters important for host-microbe communication include
histamine, tryptophan and kynurenine. Histamine is an important neurotransmitter that
plays a role in host physiology, including modulating wakefulness; thus, bacterial production
of histamine has been scrutinised as microbial-derived histamine may interact with the host
nervous system. For example, the commensals Escherichia coli and Morganella morganii
have been shown to produce histamine, and many colonic bacteria express the histidine
decarboxylase gene, conferring the capacity to synthesise histamine within the host gut.

Clostridium perfringens has been demonstrated to modulate gut production of serotonin
via host-derived TPH1. Microbial metabolite SCFAs can also modulate host TPH1, indicating
that there may be a microbial feedback loop regulating host gastrointestinal motility through
modulation of the host gut serotonergic system. Conversely, host serotonin has been shown to
modulate bacterial motility and can induce the expression of bacterial virulence genes via
a quorum-sensing mechanism. Not all tryptophan ends up being converted into serotonin;
90% of available tryptophan is actually funnelled into the kynurenine pathway. Kynurenine,
and the metabolites kynurenic acid and quinolinic acid, have been implicated in mental
health. Bacterial indole production from the metabolism of L-tryptophan can also affect host
physiology by altering host barrier integrity and modulating intestinal inflammation. As such,
further studies are required to reveal the functional dynamics and importance of such
neuroactive molecules as mediators of host-microbe crosstalk. Considering many of these
molecules are involved in several human behavioural and physical illnesses, it is important to
understand how the microbiota influence neurotransmitter production and metabolism
along the microbiome-gut-brain axis.

Other than neurotransmitters, branched-chain amino acids (BCAAs: valine, leucine and
isoleucine), along with SCFAs, are involved directly and indirectly in many biochemical
functions in the PNS and CNS and are in high concentrations in the gut. BCAAs are
essential amino acids in that the host needs to ingest them in their diet because of the
inability to synthesise them de novo. BCAAs and SCFAs are coming under increased
scrutiny as potential bioactive molecules for nutritional supplementation to promote host
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health. Gut-derived BCAAs have been shown to be involved in protein synthesis, energy
production, insulin secretion, amino acid uptake and luminal immunity, in both humans
and animals. BCAAs are also a key nitrogen donor for the host. BCAAs are readily
transported across the BBB and could therefore be a method of indirect signalling from
the gut to the brain and warrant further examination. SCFAs are involved in many host
physiological processes, including gastrointestinal function, blood-pressure regulation,
circadian rhythm control and neuroimmune function, although less is known about their
role in brain physiology and behaviour. All SCFAs act as histone deacetylase (HDAC)
inhibitors, with butyrate being the most potent inhibitor of class I and Ila HDACs, therefore
indicating microbial potential for host epigenetic modulation. SCFAs can also potently
activate FFARs, indicating a potential route for microbial modulation of vagus nerve
activation and enteroendocrine activity. It is possible that SCFAs cross and interact with
the BBB, having been reported in the cerebrospinal fluid at active concentrations and
modulating tight-junction proteins.

While all these pathways and mechanisms have been studied mostly in adults, it is
becoming increasingly clear that more attention needs to be directed towards other stages
of life, specifically early life and ageing. Next, we will examine the current knowledge of
the differences between the functions of the adult microbiome-gut-brain axis to the
extremes of life.

Microbiome—Gut-Brain Axis: Across the Lifespan

Although still somewhat contested, it is generally accepted that initial colonisation begins at
birth, where the delivery process exposes the infant to a unique microbial signature obtained
from the mother, either by C-section or per vaginum. The consortia of gut microbiota are
not a static ecosystem throughout the lifespan of the host; in fact, the gastrointestinal
microbial composition is in a constant state of flux, with small day-to-day changes growing
into larger cycles when viewing the population as a whole. For the most part, the adult gut
microbiome is more stable than at both extremes of the lifespan, where both abundance and
diversity are characteristically different. As a result, both early life and ageing are seen as
sensitive periods for the consortia of microbes resident in the gut, where they are much
more amenable to external influences and therefore influential for important host functions
such as language and cognition. The fact that sensitive periods in colony development or
decline coincide with sensitive developmental periods for the host suggests gut microbes are
very important in healthy ageing.

Early Life

While the topic of in utero colonisation is still debated (34), even if it does occur, it appears
that it has limited impact on early postnatal microbial composition development when
compared to the contribution of the natural birthing process. Here, germ-free mice have
made an invaluable contribution towards deciphering the role of the microbiome-gut-
brain axis during initial development. Germ-free mouse embryos exhibit increased BBB
permeability, which was restored after recolonisation, indicating an influential role for the
gut microbiome in ensuring normal development of the BBB. While there is no definitive
make-up of a healthy microbiome in early life, soon after birth important early colonising
species lay the groundwork for a stable long-term composition. Bacteria that play an
important part here include high levels of Enterobacteriaceae, Bifidobacteriaceae and
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Clostridiaceae and low levels of Lachnospiraceae and Ruminococcaceae at the family level.
Throughout maturity, strict anaerobes begin to dominate, alongside an increase in overall
diversity (likely due to an increase in nutritional diversity). An adult-like consortia begins to
embed between the ages of 1 and 3, which coincides with a change in diet and a shift to solid
foods. This changeover is observed in mice too, as this age in humans coincides with
weaning in rodents, alongside a shift from mothers’ milk to solid foods (35). Nonetheless,
microbial composition and function remains different from a true adult-like consortia as
measured in 7-12-year-olds. However, the growing gut microbiome is highly susceptible to
a large variety of external influences, including birth method (natural vs. C-section), birth
location (hospital vs. home) and infant nutrition (breastfeeding vs. infant formula).

Maternal health parameters can also play an influential part, including gestational diet
and weight gain, presence of a pet in the home, general state of health, medication and/or
antibiotic usage, and levels of maternal stress. Some of these early life factors can have
enduring effects on the physical and mental health of the host, altering trajectories of mental
and physical health and/or cognitive performance (36). Promisingly, early data from clinical
trials of probiotic interventions for children at risk of developing gastrointestinal problems
later in life has resulted in outcomes highlighting a reduction in risk. Studies are also
examining the efficacy of probiotic interventions in ameliorating the risk of developing
autism spectrum disorder (ASD) and attention-deficit/hyperactivity disorder (ADHD).
Several groups have shown that early probiotic intervention can mitigate the deleterious
effects of antibiotic-treated and C-section-delivered infants, maternal high-fat diet and
immune activation, and early life stress (37, 38).

Adolescence into Adulthood

Leading on from early life and childhood, adolescence is a period when the brain experiences
widespread reshaping that includes synaptic pruning, alterations in myelination levels,
changes in area volumes and functional connectivity (39). Concomitantly, the body undergoes
rapid physical development as the host traverses a diverse range of social networking
challenges, circadian rhythm disruptions and potential initial exposure to alcohol and
drugs, all of which have been linked to alterations in the microbiome-gut-brain axis in
adults (40, 41). Few studies have compared the adolescent gut microbiome to that of the
adult, but some work has indicated that the profile of older adolescents resembles that of
an adult population; noted differences include higher relative abundances of
Bifidobacterium and Clostridium in adolescents but lower relative levels of Prevotella
and Sutterella. This follows on from similar studies in childhood indicating that these
genera may play a formative role in gut-microbiome maturation from childhood through
to adulthood, although more work is needed. However, this highlights the paucity of
research surrounding age specificity.

In rodents, work performed at a comparable age illustrated that any sex differences in
gut-microbiome amelioration only emerge after puberty onset, indicating a role for the
endocrine system. Stress-induced changes in the timing of puberty onset can also be
modulated by probiotic treatment. Further, antibiotic ablation of the gut microbiota in
adolescent mice impacted anxiety, cognition and social behaviour in adult mice. In this
study, researchers reported that multiple metrics were affected, including brain-derived
neurotrophic factor (BDNF) expression, oxytocin and vasopressin levels, and tryptophan
metabolism.
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Ageing

While throughout adulthood the human gut microbiome is relatively stable when
unperturbed, the beginning of the ageing process is marked by a loss in stability (42).
Two major determinants of gut-microbiota stability, diet and exercise, usually also mark the
beginning of the steady decline at the end of life. As this is heavily dependent on the
individual, the timing of this transition into an elder type is not as acutely demarcated as
that from childhood into adulthood. The relationship between ageing and the gut micro-
biome is thought to be bilateral, where the gut microbiome can also contribute to healthy
ageing. Ageing-associated gut-microbiota changes result in increased gut permeability,
modifications in the production of gut-microbiota-derived metabolites and alterations
in the host immune system. The process of ageing has been classified as a sensitive period
for the gut microbiome where it is susceptible to environmental triggers and intrinsic
factors in the host. While much of the current work has reported on large differences
between individuals within-study, the consortia differences between studies have proven to
be far greater, likely due to the cultural, geographical or inherent methodological variances
(37). Nonetheless, a common theme across studies indicates that reduced microbial diver-
sity correlates with adverse outcomes in adults through to old age and frailty. Some specific
microbial alterations noted include a reduction in the prime beneficial commensals
Lactobacillus and Bifidobacterium and a reduced Firmicutes to Bacteroidetes ratio (a metric
that is a correlational and observational output of microbiome analysis given that Firmicutes
and Bacteroidetes represent over 99% of the known bacterial species in the gut) in some
ageing populations. Conversely, a higher abundance of Akkermansia has been associated
with long life, a metric of healthy ageing. Indeed, a mantra developing from the results of
such studies states that the more diverse the diet, the more diverse the microbiota, as
microbiota diversity has been linked to improved health and reduced frailty in ageing.
Other taxa linked with healthy ageing include Bacteroidetes, Clostridium cluster XIVa and
the butyrate-producing bacterium Faecalibacterium prausnitzii that also has anti-
inflammatory properties. Similarly, Porphyromonadaceae was linked to cognitive decline
and the emergence of affective disorders.

Pre-clinical studies using various models targeting the gut microbiome have
demonstrated a role for the gut microbiome in regulating neuroimmunity from middle to
old age in mice. This work has helped characterise the process of ‘inflammageing’, which
describes an increased proinflammatory state coupled with reductive adaptive immunity
throughout the ageing process. This is an almost self-perpetuating phenomenon where
general ageing and stress weaken the integrity of the barriers (BBB and gut barrier)
increasing permeability, further feeding the inflammageing cycle. A key player in the brain’s
neuroinflammatory response, microglia (the brain’s resident immune cells), play an active
role in shaping neural circuitry, synaptic plasticity and cellular processes such as phagocyt-
osis, supporting the growth of neuronal progenitor cells and longevity of neurons. As the
ageing process begins, microglia become highly reactive and unbalanced, a state that
promotes cellular dysfunction, resulting in cognitive and behavioural deficits.
Intriguingly, these processes were reversed and promoted healthy ageing when aged mice
were fed the probiotic Bifidobacterium for 14 weeks. Indeed, Bifidobacterium species
correlate negatively with pro- and anti-inflammatory cytokine levels in humans, highlight-
ing the potential of Bifidobacteria to reduce the inflammatory response associated with
unhealthy ageing. Further, transplantation from young donors to aged recipients via FMT
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reversed any observed ageing-associated differences in peripheral and brain immunity and
altered the hippocampal metabolome and transcriptome in the ageing mice. This transfer of
a healthy ageing phenotype from the young to aged mice also attenuated age-associated
impairments in cognitive behaviour.

From a nutritional standpoint, dietary restriction has proven to be the most
effective strategy supporting healthy ageing and increased lifespan; this phenomenon
has been recorded across many species. Any type of caloric restriction in rodent
models has resulted in a longer overall lifespan, coinciding with structural changes
in the gut microbiome, including Lactobacillus strongly correlating with longer life,
accompanied by changes in SCFA levels in the gut. Next, we will delve deeper into
potential microbiome-gut-brain axis modulating dietary interventions for promoting
health.

Gut-Microbiome-Targeted Dietary Interventions

There are many avenues through which the gut microbiome can communicate with the
brain that are amenable to nutritional/dietary modulation. Although much of this informa-
tion has been collected via pre-clinical methods, there is a strong impetus to use these
interactions for clinical outcomes/therapies. These include administration of a candidate
species (or cocktail) of live bacteria (probiotics), substrates that are selectively used by host
microorganisms (prebiotics), a carefully calculated combination of both (synbiotics) or
waste left over after digestion of prebiotics and probiotics (postbiotics), all of which
individually confer beneficial health effects upon the host and specifically have beneficial
effects on the brain and behaviour (psychobiotics). Commonly used psychobiotic therapies
include administration of probiotic organisms such as Bifidobacterium and Lactobacillus
strains, alone or combined.

Prebiotics

The official International Scientific Association for Probiotics and Prebiotics (ISAPP)
definition of a prebiotic is ‘a substrate that is selectively utilised by host microorganisms
conferring a health benefit’. They mainly include dietary fibres such as inulin, FOS, GOS,
resistant starches and other soluble dietary fibres, although it is important to point out that
not all dietary fibres are prebiotic. Foods commonly found to be high in prebiotics include
fruits and vegetables (e.g. asparagus, leek, banana), chicory, and grains (e.g. oats, wheat).
The reduced prebiotic intake of the typical Westernised diet correlates with an increase in
the incidence of inflammatory diseases, metabolic syndrome, obesity, anxiety and stress.
While prebiotics do not necessarily alter the composition or activity of the resident
gut microbiota in a selective or predictable manner, they have been shown to reduce
anxiety- and depressive-like behaviours and stress responsiveness, facilitate changes in
hippocampal synaptic efficacy, and increase hippocampal BDNF expression, general
hypothalamic neuronal activity and overall cognition and learning.

Resistant starches are a common source of prebiotic for the gut microbiota. This form
of undigested carbohydrate has been shown to induce differential alterations in gut-
microbial composition in animals, such as increasing in the Firmicutes to Bacteroidetes
ratio. Inulin is another very common prebiotic that is predominantly found in a variety
of vegetables, fruit and wheat. Inulin has been shown to boost the growth of powerful
commensals Bifidobacterium spp. and Faecalibacterium prausnitzii and increase the
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numbers of butyrate-producing bacteria (e.g. Coprococcus and Faecalibacterium). Inulin has
been shown to reduce the symptoms of colitis in a sodium-induced colitis mouse model,
probably through increasing Lactobacillus composition. In humans, exposure to a mixed
prebiotic supplementation during pregnancy has been correlated with an increase in
protection against food allergies linked to a reduction in histamine levels and intestinal
permeability in the offspring, where increased gut permeability has been associated with
poorer indices of health.

FOS and GOS are now well-established prebiotics that have been found to be present in
high quantities in breast milk. A form of GOS (Bimuno-galactooligosaccharide (B-GOS®)
(Bimuno™, Clasado Biosciences Ltd, Buckinghamshire, UK)) increased the abundance of
the commensals Bifidobacteria and Lactobacilli when compared to unsupplemented infants.
The same supplement increased Bacteroides and Bifidobacterium spp. in elderly individuals.
Not only has GOS been shown to impact microbial populations directly but many immune
metrics have also been reported altered in individuals on a GOS-supplemented diet,
including a reduction in pre-clinical anxiety, but not major depressive disorder (MDD).
The anti-inflammatory cytokines IL-10 and IL-8 were increased and proinflammatory
cytokines reduced in the same elderly population on B-GOS supplementation, which also
acted as an early anxiolytic-like phenotype in healthy individuals. In mice, B-GOS prevented
proinflammatory cytokine release undergoing a stress procedure where lipopolysaccharide
(LPS) treatment increased cortical interleukin-1{ and serotonin 2A receptor levels.

FOS, on the other hand, are found in high levels in fruit, and numerous reports have
shown them to strongly affect gut-microbial commensal strains. Bifidobacterium and
Faecalibacterium prausnitzii were enhanced in a double-blind intervention study in obese
women supplemented with FOS, with both strains correlating strongly with improved
health outcomes. Commonly, FOS and GOS are used together to boost commensal levels
as a prebiotic treatment. In a randomised, double-blind, crossover study, 2 weeks of
supplementation of both FOS and GOS significantly increased Bifidobacterium levels,
coupled with a reduction in butyrate-producing bacteria. Further, this prebiotic combin-
ation reduced anxiety-like behaviours and stress-induced corticosterone release in mice,
while also altering caecal SCFAs, microbial metabolites believed to have beneficial health
outcomes in certain contexts. Polyphenol consumption has also been described as having
a strong prebiotic effect in healthy and clinical populations and reducing depressive
symptoms, although more investigation into their potential is needed.

Probiotics and Psychobiotics

A variety of probiotic strains has already been shown to alter metrics of metabolism, immunity
and endocrine function in both humans and rodents. It has even demonstrated the ability to
alter neurogenesis, neuropeptide expression levels, neurotransmission, neuroinflammation
and ultimately behaviour. Probiotic supplements are believed to interact with host gut micro-
biota and the intestinal epithelium directly, even slowing ageing in pre-clinical studies. In
healthy populations, probiotic supplementation has resulted in reductions in stress, depression
and anxiety, improved symptoms of depression (using Lactobacillus helveticus R0052 and
Bifidobacterium longum R0175 (CEREBIOME)) and reduced anxiety using a multi-strain
probiotic (B. longum, B. bifidum, B. lactis and L. acidophilus) in clinical populations.
However, even though there are promising results, many more randomised controlled trials
(RCTs) are desperately needed.
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Pre-clinically, a single bacterial strain, Faecalibacterium prausnitzii (ATCC 27766),
demonstrated potential to act as an anxiolytic and psychobiotic in rats, ameliorating a
depressant-like phenotype, probably through modulating caecal SCFA, anti-inflammatory
cytokine and corticosterone levels. Such treatments of individual strains, or cocktails
of commensal bacteria, have demonstrated efficacy in improving behavioural symptoms
in models of depression, anxiety and autism, leading to the concept of psychobiotics, with
the intended use as treatment for neurological and psychiatric disorders through target-
ing the gut microbiota. Although probiotics were considered the original psychobiotic,
approaches now commonly include prebiotics, postbiotics, synbiotics, FMT and dietary
components.

In humans, a landmark study investigating ingestion of a fermented milk drink that
combined four different probiotic strains showed altered functional brain activity in adult
healthy women. Specifically, midbrain connectivity centred on the periaqueductal gray
(PAG), along with the prefrontal cortex (PFC), precuneus, basal ganglia and parahippocampal
gyrus, was altered relative to controls not consuming the drink. A more recent study linked
members of the Actinobacteria phylum to cognitive test scores when comparing subjects with
and without obesity; specifically, alterations in neural activity in the thalamus, hypothalamus
and amygdala were seen, implicating the gut microbiota in cognitive performance in humans.

While there are sparse reports of studies using both pre- and probiotics in human trials,
recent work has demonstrated improvements in depression, stress and anxiety in patients
undergoing haemodialysis, in those with coronary artery disease and in professional
athletes. Regardless of the need for more RCTs, candidate pre- and/or probiotics may
have an impact on the host commensal microbiome overall, potentially altering consortia
complexity and diversity.

Postbiotics and Microbial Metabolites

The gut microbiome represents a vast reservoir of metabolites (e.g. SCFAs) and postbiotics
(inanimate microorganisms and/or their components) that could have beneficial health
effects for the host (7, 43). The presence and activity of these bacterial metabolites can act on
host tissue locally or distally from their site of production, impacting host behaviour and
health. SCFAs are the most-studied gut-microbiota-derived metabolite and are a product of
bacterial fermentation of complex polysaccharides ingested through diet that would other-
wise be indigestible by the host. Ninety-five per cent of gut-derived SCFAs are in the form of
acetate, propionate and butyrate, in increasing order of chemical complexity. Foods con-
taining high levels of SCFAs include dairy products such as cheese and butter, while other
foods with appreciable levels include inulin, cellulose, resistant starches, beans, lentils, peas
and whole grains. Fermented foods such as sauerkraut, pickles and tempeh also contain
a small amount of SCFAs. Intriguingly, germ-free animals and antibiotic-treated mice have
been shown to have markedly lower SCFA levels.

There are now a plethora of studies purporting SCFA regulation of a variety of host
physiological processes. As a result, there is considerable interest in probing the therapeutic
potential of SCFA-producing microbial genera that are commonly found in the gut and could
form part of a nutritional plan, which include: Ruminoclustridium, Akkermansia, Bifidobacterium,
Fusicatenibacter, Lactobacillus, Lactocaseibacillus, Ruminococcus, Ligilactobacillus, Blautia,
Bacteroides, Enterococcus, Roseburia, Eubacterium, Prevotella, Faecalibacterium, Clostridium and
Coprococcus (44).


https://doi.org/10.1017/9781009299862.003

Diet and the Microbiome-Gut-Brain Axis 35

A diet high in fibre has been shown to increase the diversity and abundance of
SCFA-producing microbe Bifidobacterium pseudocatenulatum, which is also capable of
modulating clinically relevant host outcomes in type 2 diabetes. The same strain was
subsequently shown to significantly reduce weight gain, body fat accumulation, fasting
glucose levels and insulin resistance and improve postprandial glycaemic response in
a mouse model. These promising neuroprotective and anti-inflammatory properties
make SCFAs a potentially good candidate as a nutritional therapeutic agent promoting
health.

Conclusions

It is becoming increasingly clear that the gut microbiome plays a key factor in host
physiology communicating along the bidirectional gut-brain axis. While communication
pathways continue to be examined for direct or indirect involvement, much more work is
still needed. A growing number of studies are examining the effects of the gut microbiome
on host physiology and homeostasis, yet no consensus has been reached regarding whether
a specific healthy gut-microbiome signature exists. Even though there has been much
interest in the field, caution needs to be exercised as much of the available clinical data is
largely derived from small cohorts lacking a longitudinal perspective. More mechanistic
studies are urgently needed to understand how changes in the gut microbiome can moderate
health and disease and to implement and ascertain safety efficacy for potential therapeutics.
Even with a growing body of pre-clinical research supporting the hypotheses, definitive
evidence supporting the translatability of these findings to a human population is sorely
lacking, although early evidence is encouraging. There are still too few adequately powered
longitudinal clinical observational and interventional studies, and more are needed.
Appropriate selection of participants and adequate management of confounding variables
must be a part of future study designs. It is now evident that we need to gather more
information to understand whether tailoring host nutrition to increase/decrease modulating
factors of the gut microbiota can improve health and cognitive outcomes. It could very well be
that microbial accessibility (i.e. fermentability) is the key for designing specific dietary needs
for a positive influence of nutrition on brain health. Therefore, future research needs to
take into consideration the investigation of mechanisms involved, including host metrics
such as genetics, the gut-microbiome profile and other pertinent lifestyle factors. Better
dietary habits supporting mental health need to be advocated. More high-quality longi-
tudinal data is also needed, specifically surrounding brain function, behaviour and
physiology. These factors should be championed to aid in establishing evidence-based
health claims to develop efficacious therapeutic interventions.

Acknowledgements

Professor Cryan is funded by Science Foundation Ireland SFI/12/RC/ 2273_P2, the Saks
Kavanaugh Foundation, EU H2020 project DLV-848228 DIS-COVERIE and Swiss National
Science Foundation project CRSII5_186346/NMS2068. Professor Cryan has received
research funding from 4D Pharma, Cremo, Dupont, Mead Johnson, Nutricia and
Pharmavite; has been an invited speaker at meetings organised by Alimentary Health,
Alkermes, Ordesa and Yakult; and has served as a consultant for Alkermes and Nestle.
Professor Clarke has received honoraria from Janssen, Probi and Apsen as an invited
speaker; is in receipt of research funding from Pharmavite and Fonterra; and is a paid


https://doi.org/10.1017/9781009299862.003

36

Kenneth J. O'Riordan et al.

consultant for Yakult and Zentiva. Dr O’Riordan has been an invited speaker for Sanofi
Genzyme and Danone. This support neither influenced nor constrained the contents of this
chapter. Dr Schneider declares no competing interests.

References

1.

10.

Cryan, J. F., O’Riordan, K. J.,

Cowan, C. S. M, et al., 2019. The
microbiota-gut-brain axis. Physiological
Reviews, 99(4), 1877-2013.

Butler, M. I, Bastiaanssen, T. F. S., Long-
Smith C,, et al., 2020. Recipe for a healthy
gut: intake of unpasteurised milk is
associated with increased lactobacillus
abundance in the human gut microbiome.
Nutrients, 12(5).

Schverer, M., O’Mahony, S. M.,
O’Riordan, K. J., et al., 2020. Dietary
phospholipids: role in cognitive processes
across the lifespan. Neuroscience ¢
Biobehavioral Reviews, 111, 183-93.

Dinan, T. G., Stanton, C., Long-Smith, C.,

et al,, 2019. Feeding melancholic microbes:
MyNewGut recommendations on diet and
mood. Clinical Nutrition, 38(5), 1995-2001.

Cryan, J. F., O’Riordan, K. J., Sandhu, K.,

Peterson, V. and Dinan, T. G., 2020. The

gut microbiome in neurological disorders.
Lancet Neurology, 19(2), 179-94.

Berding, K., Carbia, C. and Cryan, J. F,,
2021. Going with the grain: fiber,
cognition, and the microbiota-gut-brain-
axis. Experimental Biology and Medicine,
246(7), 796-811.

Berding, K. and Cryan, J. F., 2022.
Microbiota-targeted interventions for
mental health. Current Opinion in
Psychiatry, 35(1), 3-9.

Berding, K., Vickova, K., Marx, W., et al,,
2021. Diet and the microbiota-gut-brain
axis: sowing the seeds of good mental
health. Advances in Nutrition, 12(4),
1239-85.

Casertano, M., Fogliano, V. and

Ercolini, D., 2022. Psychobiotics, gut
microbiota and fermented foods can help
preserving mental health. Food Research
International, 152, 110892.

Dinan, T. G., Butler, M. I. and Cryan, J. F.,
2021. Psychobiotics: evolution of novel

11.

12.

13.

14.

15.

16.

17.

18.

19.

antidepressants. Modern Trends in
Psychiatry, 32, 134-43.

Bastiaanssen, T. F. S., Quinn, T. P. and
Loughman, A., 2022. Treating bugs as
features: a compositional guide to the
statistical analysis of the microbiome-
gut-brain axis. https://arxiv.org/pdf/220
7.12475.pdf.

Knight, R., Vrbanac, A., Taylor, B. C, etal.,
2018. Best practices for analysing
microbiomes. Nature Reviews
Microbiology, 16(7), 410-22.

Claesson, M. J., Clooney, A. G. and
O’Toole, P. W., 2017. A clinician’s guide to
microbiome analysis. Nature Reviews
Gastroenterology & Hepatology, 14(10),
585-95.

Asshauer, K. P., Wemheuer, B., Daniel, R.
and Meinicke, P., 2015. Tax4Fun:
predicting functional profiles from
metagenomic 16S rRNA data.
Bioinformatics, 31(17), 2882-4.

Iwai, S., Weinmaier, T., Schmidt, B. L.,

et al,, 2016. Piphillin: improved prediction
of metagenomic content by direct
inference from human microbiomes. PLoS
One, 11(11), e0166104.

Bastiaanssen, T. F. S., Gururajan, A., van de
Wouw, M., et al., 2021. Volatility as

a concept to understand the impact of
stress on the microbiome.
Psychoneuroendocrinology, 124, 105047.

Armstrong, G., Martino, C., Morris, J.,

et al., 2022. Swapping metagenomics
preprocessing pipeline components offers
speed and sensitivity increases. mSystems, 7
(2), €0137821.

Aitchison, J., 1986. The statistical analysis
of compositional data. Chapman and Hall.

Tuomisto, H., 2010. A diversity of beta
diversities: straightening up a concept gone
awry. Part 1. Defining beta diversity as

a function of alpha and gamma diversity.
Ecography, 33(1), 2-22.


https://arxiv.org/pdf/2207.12475.p
https://arxiv.org/pdf/2207.12475.p
https://doi.org/10.1017/9781009299862.003

Diet and the Microbiome-Gut-Brain Axis 37

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

Tuomisto, H., 2010. A diversity of beta
diversities: straightening up a concept gone
awry. Part 2. Quantifying beta diversity and
related phenomena. Ecography, 33(1),
23-45.

van der Hee, B. and Wells, J. M., 2021.
Microbial regulation of host physiology by
short-chain fatty acids. Trends in
Microbiology, 29(8), 700-12.

Cryan, J. F. and Mazmanian, S. K., 2022.
Microbiota-brain axis: context and
causality. Science, 376(6596), 938-9.

Nuttall, G. H. F. and Thierfelder, H., 1987.
Thierisches Leben ohne Bakterien im
Verdauungskanal. (II. Mittheilung). Hoppe
Seylers Z. Physiol Chem., 2, 62-73.

Bibiloni, R., 2012. Rodent models to study
the relationships between mammals and
their bacterial inhabitants. Gut Microbes, 3
(6), 536-43.

Chinna Meyyappan, A., Forth, E.,

Wallace, C. J. K. and Milev, R., 2020. Effect
of fecal microbiota transplant on symptoms
of psychiatric disorders: a systematic review.
BMC Psychiatry, 20(1), 299.

Margolis, K. G., Cryan, J. F. and

Mayer, E. A., 2021. The microbiota-gut-
brain axis: from motility to mood.
Gastroenterology, 160(5), 1486-1501.

Wilmes, L., Collins, J. M., O’'Riordan, K. J.,
et al., 2021. Of bowels, brain and behavior:
a role for the gut microbiota in psychiatric
comorbidities in irritable bowel syndrome.
Neurogastroenterology and Motility, 33(3),
€14095.

Fulling, C., Dinan, T. G. and Cryan, J. F.,
2019. Gut microbe to brain signaling: what
happens in vagus. Neuron, 101(6),
998-1002.

Clarke, G., Sandhu, K. V., Griffin, B. T.,
et al., 2019. Gut reactions: breaking down
xenobiotic-microbiome interactions.
Pharmacological Reviews, 71(2), 198-224.

Lynch, C. M. K,, Clarke, G. and Cryan, J. F.,
2021. Powering up microbiome-microglia
interactions. Cell Metabolism, 33(11),
2097-9.

Leeuwendaal, N. K., Cryan, J. F. and
Schellekens, H., 2021. Gut peptides and the

32.

33.

34.

35.

36.

37.

38.

39.

40.

microbiome: focus on ghrelin. Current
Opinion in Endocrinology, Diabetes and
Obesity, 28(2), 243-52.

Spichak, S., Bastiaanssen, T. F. S.,
Berding, K., et al., 2021. Mining microbes
for mental health: determining the role of
microbial metabolic pathways in human
brain health and disease. Neuroscience ¢
Biobehavioral Reviews, 125, 698-761.

Needham, B. D., Funabashi, M.,

Adame, M. D, et al., 2022. A gut-derived
metabolite alters brain activity and anxiety
behaviour in mice. Nature, 602(7898),
647-53.

Walter, J. and Hornef, M. W., 2021.

A philosophical perspective on the prenatal
in utero microbiome debate. Microbiome,
9(1), 5.

Ratsika, A., Codagnone, M. C,,
O’Mahony, S., Stanton, C. and Cryan, J. F,,
2021. Priming for life: early life nutrition
and the microbiota-gut-brain axis.
Nutrients, 13(2).

Callaghan, B. L., Fields, A., Gee, D. G,

et al., 2020. Mind and gut: associations
between mood and gastrointestinal distress
in children exposed to adversity.
Development and Psychopathology, 32(1),
309-28.

Cowan, C. S. M. and Cryan, J. F., 2021. The
microbiome-gut-brain axis in
neurocognitive development and decline.
Modern Trends in Psychiatry, 32, 12-25.

Cowan, C. S. M., Dinan, T. G. and

Cryan, J. F., 2020. Annual research review:
critical windows - the microbiota-gut-
brain axis in neurocognitive development.
Journal of Child Psychology and Psychiatry,
61(3), 353-71.

Lach, G., Fulling, C., Bastiaanssen, T. F. S,,
et al., 2020. Enduring neurobehavioral
effects induced by microbiota depletion
during the adolescent period. Translational
Psychiatry, 10(1), 382.

Crouse, J. J., Carpenter, J. S., Song, Y. J. C,,
et al,, 2021. Circadian rhythm sleep-wake
disturbances and depression in young
people: implications for prevention and
early intervention. Lancet Psychiatry, 8(9),
813-23.


https://doi.org/10.1017/9781009299862.003

38

Kenneth J. O'Riordan et al.

41.

42.

Carbia, C., Lannoy, S., Maurage, P., et al,,
2021. A biological framework for
emotional dysregulation in alcohol misuse:
from gut to brain. Molecular Psychiatry, 26
(4), 1098-1118.

Claesson, M. J., Cusack, S., O’Sullivan, O.,
et al,, 2011. Composition, variability, and
temporal stability of the intestinal
microbiota of the elderly. Proceedings of the
National Academy of Sciences of the United
States of America, 108(suppl. 1), 4586-91.

43.

44,

O’Riordan, K. J., Collins, M. K,
Moloney, G. M., et al., 2022. Short chain
fatty acids: microbial metabolites for
gut-brain axis signalling. Molecular and
Cellular Endocrinology, 546, 111572.

Dalile, B., Van Oudenhove, L., Vervliet, B.
and Verbeke, K., 2019. The role of
short-chain fatty acids in microbiota-gut-
brain communication. Nature Reviews
Gastroenterology & Hepatology, 16(8),
461-78.


https://doi.org/10.1017/9781009299862.003

The Mediterranean Diet
and Mental Health

Mary 1. Butler and Sabrina Morkl

Summary

The Mediterranean diet is widely acknowledged as one of the best nutritional
approaches for improving health and longevity. In recent years, the evidence for
such beneficial effects has extended beyond the realm of metabolic and
cardiovascular health to include the brain and mental health. At a population
level, adherence to a Mediterranean diet is associated with lower risk of
depression and cognitive disorders. In people suffering with depression,
switching to a Mediterranean-style diet is an effective treatment strategy. The
Mediterranean diet is a safe and sustainable dietary pattern which should form
part of the toolkit of any mental health professional wishing to incorporate
nutritional approaches. In this chapter, we review the evidence for the use of the
Mediterranean diet for mental health and explore the biological mechanisms
involved. We provide practical advice for mental health professionals wishing to
use this nutritional approach as part of a treatment plan.

Introduction

The Mediterranean diet is hailed as one of the best nutritional approaches to enhance health
and longevity. It is recognised as being beneficial for cardiovascular and metabolic function,
for autoimmune disease, for cancer prevention and, more recently, for brain and mental
health. While nowadays we rely on cohort studies and randomised controlled clinical trials
to assess the impact of the Mediterranean diet, humans have intuitively practised this way of
eating for many centuries. Historical references to food consumption in ancient Greek and
Roman literature reveal many similarities to our modern description of the Mediterranean
dietary pattern. However, the concept of a particular ‘Mediterranean diet’ only came into
being in the mid-twentieth century. Ancel Benjamin Keys was an American physiologist who
became interested in nutrition during World War II. He was tasked with designing portable
food rations for soldiers and later with determining the best approaches for re-feeding
starving civilians in war-torn Europe. Keys noticed that rates of heart disease in European
men were dramatically lower than in the United States, and he wondered about the potential
link between food and cardiovascular disorders. He had observed that southern Italy had the
highest concentration of centenarians in the world and he hypothesised that this might be
related to their diet. Keys undertook a large longitudinal cohort study, known as the Seven
Countries Study (1), which concluded that cholesterol levels were strongly related to coronary
artery disease mortality. He subsequently promoted the idea that a Mediterranean-style diet,

39


https://doi.org/10.1017/9781009299862.004

40 Mary I. Butler and Sabrina Morkl

low in animal fat and rich in fruit and vegetables, protected against heart disease and that a
diet high in animal fats led to heart disease. This work could be regarded as the beginning of
‘lifestyle medicine’ and an appreciation of the importance of lifestyle factors such as diet and
nutrition in determining health.

In the decades since Ancel Keys’ study, his work has received many criticisms, from
claims that countries were selectively included based on the desired outcome to a failure to
consider sugar as a confounding factor. Indeed, there is currently much controversy in
relation to the link between animal fats, cholesterol and heart disease, and contradictory
studies have resulted in widespread public confusion about how and what to eat. In contrast,
the evidence concerning the wide-ranging health benefits of the Mediterranean diet has
remained relatively stable and consistent, making it an attractive whole-dietary pattern that
clinicians can confidently recommend to many people for improving health status. Such
evidence, which began in the realm of cardiovascular and metabolic health, has now
extended to the brain and mental health.

What Is the Mediterranean Diet?

What exactly does the term ‘Mediterranean diet’ denote? Over 20 diverse countries border
the Mediterranean Sea, including Greece, Italy, Spain, France, Croatia, Lebanon, Turkey
and several North African countries, all with unique and varied culinary cultures. However,
reference to the Mediterranean diet classically describes the diet of people in the olive-
producing regions of Crete, Greece and southern Italy around the 1950s to 1970s. There are
several guidelines currently in use outlining Mediterranean dietary principles in the form of
food pyramids. Although there are slight differences with regards to specific quantities, the
key features are, for the most part, consistent. Firstly, high levels of fruits and vegetables
along with wholegrain breads, cereals, beans, nuts and seeds represent the core components.
Secondly, olive oil is the principal source of fat and consumed in large quantities every day.
This should preferably be extra virgin olive oil (EVOO), meaning that it is cold-pressed and
unprocessed. Thirdly, dairy products, fish, poultry and eggs are consumed in moderate
amounts while the use of red meat and sweets is occasional. Red wine is another distinct
feature, consumed regularly in small amounts with meals. The Greek dietary guidelines,
published in 1999 by the Ministry of Health and Welfare in Greece, reflect a traditional
Mediterranean diet (2), while a more recent food pyramid compiled by the Mediterranean
Diet Foundation was designed to present greater flexibility and updated recommendations
to reflect the lifestyle, dietary, sociocultural, environmental and health challenges faced by
present-day Mediterranean populations (3). The primary features of both guidelines are
outlined in further detail in Table 3.1.

From a nutritional perspective, the predominantly plant-based nature of the
Mediterranean diet makes it abundant in antioxidants, polyphenols and fibre, as well as
being low in saturated fats and animal proteins. Polyphenols are a large family of naturally
occurring organic compounds which are abundant in plants. They are categorised into four
classes: phenolic acids, flavonoids, stilbenes and lignans. Polyphenols are present in all the
main key foods of the Mediterranean diet; EVOO, nuts, red wine, legumes, vegetables, fruits
and wholegrain cereals. Polyphenols have antioxidant and anti-inflammatory effects and it
is thought that long-term consumption may protect against a wide variety of chronic
illnesses. The fat component of the Mediterranean diet is also important. While saturated
and trans-fats are considered unhealthy fats, unsaturated fats (monounsaturated or
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Table 3.1 Comparison of the Greek dietary guidelines (1999) and the Mediterranean Diet Foundation guidelines

(2011) regarding the components of a Mediterranean diet

Greek Dietary guidelines
(1999)

Main added lipid, use daily

6 servings vegetables
per day
3 servings fruit per day

8 servings per day

5-6 servings per week

3-4 servings per week

2 servings dairy per day
4 servings poultry per week
3 servings eggs per week

3 servings sweets per week
4 servings red meat per
month

Wine in moderation

Olive oil

&
[
4&4

Fruit and vegetables

Breads and cereals
(preferably wholegrain)

Legumes and nuts

Dairy, poultry, eggs

£

ob

Red meat, sweets, other

@ °

Mediterranean Diet
Foundation guidelines
(2011)

Every meal

>2 servings vegetables per
meal
1-2 servings fruit per meal

1-2 servings per meal

>2 servings per week

1-2 servings per day

2 servings dairy per day
2 servings poultry per week
2-4 servings eggs per week

<2 servings red meat per
week

<2 servings sweets per week
Wine in moderation

41


https://doi.org/10.1017/9781009299862.004

42 Mary I. Butler and Sabrina Morkl

polyunsaturated) are recognised as having many health benefits. Olive oil is a rich source of
monounsaturated fatty acids (MUFAs), while nuts and fish provide a plentiful supply of the
polyunsaturated fatty acids (PUFAs) omega-3 and omega-6. An important feature of the
Mediterranean diet with regards to fat intake is the relative proportion of omega-3 to
omega-6 PUFAs. The Western diet generally has high levels of omega-6 as it is abundant
in vegetable oils such as corn oil, which is widely used in cooking and added to many
processed foods. Although PUFAs are considered healthy fats, an unbalanced omega-3 to
omega-6 ratio is thought to be unfavourable and possibly proinflammatory. The typical
Western diet has an omega-3 to omega-6 ratio of up to 1:20, while the recommended ratio is
much lower, closer to 1:4 or less. Thus, increasing omega-3 PUFAs is vital and an important
nutritional feature of the Mediterranean diet.

The Mediterranean Diet and Mental Health

What is the evidence that the Mediterranean diet is beneficial for mental health? Importantly,
does the value of this diet extend beyond the realm of general population-level preventative
health promotion and actually have therapeutic potential for those suffering with specific
mental health disorders? In the years since the seminal Seven Countries study, the
Mediterranean diet has been the focus of much research across a variety of disease states. It
has been associated with reduced risk of many chronic diseases including type 2 diabetes,
cardiovascular disease, cancer and cognitive-related illnesses. Interest in the potential of the
Mediterranean diet to improve mental health was spurred on by the seminal PREDIMED
(Prevencion con Dieta Mediterranea) study, a large Spanish multi-centre trial investigating
the Mediterranean diet in primary cardiovascular prevention (4). Although the trial was not
powered to investigate depression outcomes, secondary analyses suggested reduced risk of
depression with the Mediterranean diet, in particular in patients with type 2 diabetes (5).
Additional subgroup analyses demonstrated an association with improved cognitive function
(6-8). Unfortunately, later revelations regarding serious protocol deviations cast a shadow on
the PREDIMED trial but interest in the link between the Mediterranean diet, depression and
cognitive function had been established.

Depression and Anxiety

Over the past decade, many cross-sectional and cohort studies have been undertaken
exploring the association between diet and depression. There is now reasonably robust
evidence, at a systematic review and meta-analysis level, that a healthy diet, including the
Mediterranean and other traditional dietary patterns, is associated with a lower risk of
depressive symptoms (9-12). Additionally, observational studies suggest that the
Mediterranean diet is protective when it comes to anxiety symptoms (13). However,
disentangling the diet-mental health link using cross-sectional and cohort studies is fraught
with difficulties given the possibility of reverse causation and the many confounding
factors to consider, including socioeconomic influences, comorbidity, obesity and meta-
bolic health. In addition, most studies have involved non-clinical cohorts self-reporting
depressive and anxiety symptoms, and the association between a healthy diet and depres-
sion is less clear when considering a strict clinical diagnosis of depression as the outcome
(9, 14, 15). While the public health importance of improving diet to reduce overall
population-level depression and anxiety risk is clear, randomised controlled trials are
vital to further explore this area. Excitingly, several such trials using a Mediterranean diet
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intervention for depression have been undertaken in recent years, all based far from the
Mediterranean in Australia.

The first of these trials, published in early 2017, was the SMILES (Supporting the
Modification of lifestyle In Lowered Emotional States) trial led by a research team at
Deakin University, Geelong (16). This 12-week, parallel-group, single-blind, randomised
trial enrolled 67 participants with major depression, 33 of whom were allocated to a
Mediterranean diet intervention; the remaining 34 underwent a social support control
intervention. The dietary intervention involved seven one-to-one educational sessions
with a dietician providing personalised dietary advice and nutritional counselling support.
Additionally, participants received a food hamper, incorporating the main components of
the diet, along with recipes and meal plans. Notably, this was an adjunctive intervention
with the majority of participants also being treated with pharmacotherapy and/or psycho-
therapy. The social support control condition comprised a ‘befriending’ protocol which
involved trained personnel discussing neutral topics of interest or engaging in activities such
as cards or board games. The befriending sessions involved the same visit schedule and length
as the dietary support intervention. At the 12-week endpoint, the dietary group demon-
strated significantly greater reductions in depression scores than the control group, as
measured by the Montgomery-Asberg Depression Rating Scale (MADRS). Encouragingly,
remission from depression was achieved in 32.3% of the diet group compared to only 8.0%
of the control group.

The following year a similar study was published, this time from the University of South
Australia, Adelaide (17). This was a larger study with 152 participants which extended to a
6-month follow-up. The study design was similar, although the dietary intervention
involved group cooking workshops (fortnightly for 3 months) as opposed to individual
sessions. Participants in the dietary arm also received fish oil supplements. Again, the
dietary group had greater reduction in depression scores, as well as improved mental health
quality of life scores at 3 months. These improvements were sustained at the 6-month
follow-up. An important factor to consider in this trial was the fish oil supplementation.
Such supplements in themselves are known to promote brain health, thus making it
impossible to ascertain the overall effect of the Mediterranean diet intervention. Authors
measured the impact of fish oil supplementation using erythrocyte omega-3 and omega-6
fatty acid content. Although no significant correlation between increased omega-3 and
improved depressive symptoms was seen, improved depression scores were associated with
a decreased ratio of omega-6 to omega-3. This is consistent with evidence that the balance
between omega-3 and omega-6 is an important determinant of health.

More recently, researchers at the University of Technology Sydney, New South
Wales reported that an adjunctive Mediterranean diet intervention specifically target-
ing clinically depressed young men was effective in reducing depressive symptoms and
improving quality of life compared to a befriending group (18). The intervention here
was less intensive than the two aforementioned studies, with only two online nutri-
tional education sessions at baseline and week 6, along with a food hamper. An even
more basic intervention, incorporating Mediterranean diet components, was used by a
team at Macquarie University, Sydney (19). This consisted of food hampers along with
a 13-minute dietary video followed up with 5-minute phone calls on day 7 and day 14
of the 3-week intervention. Despite the limited intervention, participants showed
significantly greater reductions in self-reported depressive symptoms compared to an
inactive control group.
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In addition to studies involving a whole-diet change, numerous randomised controlled
trials have been undertaken investigating the use of polyphenols in the treatment of
depression. The most commonly investigated compounds have been isoflavone, curcumin
and hypericum extract. Meta-analyses confirm a beneficial effect of polyphenols on
depressive symptoms, although they appear to be less effective in reducing anxiety (20).
The anti-depressive effect of polyphenols appears to be particularly marked in peri- or
post-menopausal women, attributable to the fact that isoflavone is a phytoestrogen and
improves symptoms of menopause (21).

Thus, it appears that the Mediterranean diet not only plays a prophylactic role in
protecting against the development of depressive symptoms but can also have a thera-
peutic effect in those suffering with established depression. It is interesting that quite
limited interventions, based on Mediterranean diet principles, appear to yield significant
beneficial results for improving mood. Clearly, from a health economics perspective, such
interventions could be cost-effective, resource-friendly, low-risk strategies for reducing
the burden of depression. At a time when almost one in five adults in the UK is taking a
prescribed antidepressant (22), the need for alternative treatment approaches is vital. The
SMILES trial undertook a prospective economic evaluation and demonstrated that the
dietary intervention was cost-effective as an adjunctive treatment for depression from
both health sector and societal perspectives (23). Additionally, at an individual level, a cost
analysis showed that the weekly cost of the Mediterranean diet was cheaper than the cost
of participants’ baseline diet (24). Interventional studies exploring the Mediterranean diet
in other psychiatric conditions such as anxiety disorders, bipolar disorder or psychosis are
currently lacking.

Cognition
There is much interest in the potential of the Mediterranean diet to reduce age-related
cognitive decline and prevent cognitive disorders such as Alzheimer’s disease. As with
depression, there is robust observational evidence that adherence to a Mediterranean diet is
inversely associated with the development of cognitive disorders (25). Such observational
evidence has been supported by a handful of clinical trials. One trial involving a subgroup of
elderly participants from the PREDIMED study, all cognitively healthy but at high cardiovas-
cular risk, demonstrated improved cognitive scores in the Mediterranean diet group (with
either EVOO supplementation or nuts) after a median follow-up of 4 years (6). This trial
extended the findings of two other PREDIMED sub-studies which reported better cogni-
tive performance after the Mediterranean diet intervention, although baseline cognition
had not been assessed in either study (7, 8). The Mediterranean - Dietary Approaches to
Stop Hypertension (DASH) Intervention for Neurodegenerative Delay (MIND) study is a
3-year, multi-centre, randomised controlled trial to test the effects of the MIND diet on
cognitive function in 604 individuals at risk for Alzheimer’s disease (26). It used a dietary
approach which combined principles from the Mediterranean diet and the DASH diet,
emphasising those components which had the most compelling evidence in the diet-
dementia field. The study has been completed but results are awaited and will be a
valuable addition to the evidence.

There is promising evidence that polyphenols have the potential to improve cognition
and increase resistance to age-related cognitive decline, although their impact on estab-
lished dementia remains to be seen (27). It appears that the quality of the olive oil
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component of the Mediterranean diet may be particularly important for cognition. A small
pilot study in Greece explored the effect of Greek High Phenolic Early Harvest EVOO versus
Moderate Phenolic EVOO and Mediterranean Diet (without extra olive oil supplementa-
tion) in people with mild cognitive impairment. The quality of the olive oil was carefully
chosen to reflect varying levels of phenols and polyphenols. Following 12 months of the
intervention, they found that those participants with the highest-quality olive oil demon-
strated better performance across almost all cognitive domains (28), suggesting that the
phenolic constituents are vital for cognitive function. Given the enormous and growing
burden of cognitive disorders, there is an urgent need to identify lifestyle measures such as
the Mediterranean diet to reduce their incidence.

Mechanisms of Action

Many questions remain in relation to what mechanisms are involved in mediating an
improvement in mental health with a Mediterranean diet. One could speculate that
associated eating-related behaviours traditionally seen in Mediterranean populations
might have been key factors in the early observations of health and longevity in these
groups. People from Greece and Italy traditionally focussed on sourcing local, seasonal
foods, prioritised home-cooking and engaged in slow, relaxed social meals with family and
friends, often outdoors in the sunshine. While it is highly likely that such lifestyle factors
contribute to well-being, it does appear that the diet itself has inherent health-promoting
properties. A Mediterranean diet intervention has now been investigated in many differ-
ent countries and settings and is consistently associated with health improvements.
Numerous biological pathways appear to be involved. Modulation of inflammatory
mechanisms and oxidative stress undoubtedly play a role, as do diet-induced changes to
the gut microbiota. A Mediterranean diet can lead to changes in tryptophan metabolism,
vagal activity and the cortisol-mediated stress response. Central changes may also be
important, including influences on microglia and neuroinflammation, as well as on brain-
derived neurotrophic factor (BDNF) activity. Much research is underway to explore these
mechanisms further and uncover how exactly a Mediterranean diet impacts brain health.
The pathways of relevance are summarised in Figure 3.1 and outlined in more detail in the
following sections.

Inflammation

Inflammation appears to be a key player in the mechanistic link between diet and mental
health. It is well recognised that depression and other neuropsychiatric conditions,
including bipolar disorder, schizophrenia and post-traumatic stress disorder, are associ-
ated with chronic low-grade inflammation. The source of this inflammation is unclear but
it is likely that it is mediated by a wide variety of influences, one of which may be diet and
nutrition. A large population-based study demonstrated that people with severe mental
illness have more inflammatory diets than the general population, with higher intake of
proinflammatory foods and significantly lower consumption of anti-inflammatory nutri-
ents (29). For people with metabolic syndrome or with elevated cardiovascular risk,
switching to a Mediterranean diet resulted in a reduction in inflammatory markers (30),
and this nutritional pattern could represent a safe and effective way to reduce the chronic
inflammation seen in psychiatric conditions.
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Figure 3.1 Biological pathways involved in mediating the impact of the Mediterranean diet on the brain and
mental health.
(BDNF: brain-derived neurotrophic factor; HPA: hypothalamic pituitary adrenal)

Oxidative Stress

Oxidation is a ubiquitous process in all human cells. It results in the production of free
radicals which are neutralised by antioxidants, maintaining a careful homeostatic balance.
Oxidative stress arises when there is an imbalance between free radical production and
antioxidant capacity. Although oxidative stress plays important physiological roles, when
persistent it is thought to contribute to a variety of disease processes. There is clear evidence
that antioxidant levels are lower and serum-free radical levels are higher in depressed
patients (31). Similarly, antioxidant capacity appears to be reduced in patients with bipolar
disorder (32) and schizophrenia (33). The diet is a rich and important source of antioxidant
substances and thus a potential target for improving oxidative status. Plant-based foods are
far higher in antioxidants than animal-based foods, with the highest antioxidant potential
seen in nuts, seeds, coffee, dark chocolate, spices, herbs and berries. Unsurprisingly, given
that it is a predominantly plant-based diet, the Mediterranean diet is associated with higher
levels of plasma antioxidant capacity, which may represent one mechanism by which it
mediates a mental health benefit.

The Gut Microbiota

The trillions of bacteria that inhabit the human gut, collectively termed the gut microbiota,
have a far-reaching impact on human health and disease. The gut-brain axis is a


https://doi.org/10.1017/9781009299862.004

The Mediterranean Diet and Mental Health 47

bidirectional system which allows extensive bottom-up and top-down communication via a
variety of neuroendocrine, immune and metabolic pathways. It is now recognised that the
gut microbiome is a key node in the gut-brain communication system and plays a role in
many physiological processes. The gut microbiome is altered in many psychiatric condi-
tions including depression, anxiety, bipolar disorder, autism spectrum disorder and psych-
osis (34), and for many patients with such conditions achieving optimal gut health could be
an important part of holistic treatment.

Diet is one of the major determinants of gut microbiota composition. However, the
interplay between diet, the gut microbiota and human health is a complex and dynamic
process and many questions remain as to how to achieve optimum gut microbiota through
dietary means. Adherence to a Mediterranean diet appears promising in this regard. A large
multi-centre European study investigated a 1-year Mediterranean diet intervention on gut
microbiota and frailty status in 612 elderly people (35). Adherence to the Mediterranean
diet led to increased abundance of specific taxa that were associated with lower frailty and
improved cognitive function, while being negatively associated with inflammatory markers.
Such taxa included Faecalibacterium prausnitzii and Roseburia (R. hominis). Reduced levels
of Faecalibacterium are a repeated finding across various psychiatric disorders, including
depression, bipolar disorder and schizophrenia (36), while high levels of this taxa are
positively associated with quality of life measures (37). Additionally, Roseburia levels are
consistently depleted in patients with schizophrenia and bipolar disorder (38). Both
Faecalibacterium and Roseburia are butyrate-producers and exhibit anti-inflammatory
effects, which are likely key mechanisms driving their health-promoting influence.

An interesting finding from the aforementioned study is that the taxa changes were
shared across the five European countries, demonstrating that the Mediterranean diet alters
the gut microbiota in a consistent manner despite different baseline dietary patterns. Even
more encouraging is the fact that another study, which also used a Mediterranean diet
intervention in healthy obese or overweight subjects, reported similar findings, namely an
increase in Faecalibacterium prausnitzii and Roseburia (39). Thus, it appears that an
important mechanism by which the Mediterranean diet can promote good mental health
is through the promotion of healthy gut microbiota and an increase in levels of specific
bacterial groups known to be depleted in psychiatric conditions.

Brain-Derived Neurotrophic Factor

Another mechanism by which the Mediterranean diet may improve mental health is the
modulation of BDNF expression. BDNF is a protein found predominantly in the brain. It
plays an important role in neuronal development during early life and continues to impact
neuronal transmission and synaptic plasticity throughout the lifespan. Stress, a key risk factor
for many psychiatric disorders, results in reduced levels of BDNF and hippocampal atrophy.
Serum BDNF levels are reduced in depression and various antidepressant medications
increase BDNF expression. While there are many inconsistencies across animal and human
studies of BDNF, it does appear to represent a biomarker of depression and treatment
response (40). Interestingly, nutritional factors, particularly polyphenols, can increase plasma
BDNF, which may in part account for the antidepressant effects of a Mediterranean diet.
Analysis of a randomly selected subgroup from the PREDIMED trial revealed that, among
participants with prevalent depression at baseline, significantly higher BDNF levels were
found for those assigned to a Mediterranean diet supplemented with nuts (41). A more recent
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study used the MIND diet, as described earlier, in healthy obese women. Researchers reported
that, although no differences in mean plasma levels of BDNF were found after 3 months of
intervention in volunteers allocated to the MIND diet group, higher overall plasma BDNF
levels were seen in the MIND diet group as compared with the control group (42).

Cortisol and the Stress Response

The stress response is mediated by the hypothalamic-pituitary-adrenal axis which culminates
in the production of cortisol. Dysregulation of this system can be a long-term consequence of
early life trauma and is a prominent feature of many psychiatric conditions. An observational
study of 240 European adolescents demonstrated that increased adherence to a
Mediterranean diet was inversely associated with cortisol levels and moderated the relation-
ship between cortisol and inflammatory biomarkers, suggesting that it may counteract stress-
induced inflammation (43). Another cross-sectional study, involving over 10,000 participants,
suggested that the Mediterranean diet was positively associated with higher psychological
resilience (44). To date, there have been no published human clinical trials investigating the
impact of a Mediterranean diet intervention on the cortisol stress response. However, an
interesting study using female macaques has recently explored this area. Thirty-eight animals
were randomised to consumption of a Western- versus Mediterranean-type diet for 31
months (equivalent to 9 human years). Compared to animals fed a Western diet, those fed
the Mediterranean diet exhibited lower sympathetic activity, brisker and more overt heart rate
responses to acute stress, more rapid recovery and lower cortisol responses to acute psycho-
logical stress and adrenocorticotropin challenge (45). This exciting study raises the possibility
that a Mediterranean diet could potentially improve stress resilience and thus reduce the
longer-term risk of stress-related psychiatric disorders.

Tryptophan Metabolism

Although little is known about the effect of a Mediterranean diet on tryptophan metabolism
in the context of mental health, it is worth mentioning as a possible mechanism of relevance.
Tryptophan is an amino acid derived from dietary ingestion which plays an important role
as a precursor to serotonin. However, the majority is metabolised through the alternative
kynurenine pathway, resulting in the production of several metabolites, including neuro-
toxic quinolinic acid and neuroprotective kynurenic acid. The tryptophan-kynurenine
pathway can be induced by inflammation as well as by stress and glucocorticoids, and has
been implicated in a wide variety of psychiatric disorders. Dietary factors can have import-
ant influences on tryptophan availability. A diet high in protein increases the pool of
tryptophan available for metabolism peripherally, while carbohydrates can increase the
amount of free unbound tryptophan which can cross the blood-brain barrier. Interestingly,
a Mediterranean diet moderated the association between several kynurenine-related metab-
olites and heart failure (46), suggesting that nutritional changes have the potential to reduce
the negative effects of these metabolites. It remains to be seen whether such an effect could
take place in psychiatric disorders.

Vagus Nerve and Heart Rate Variability

The vagus nerve is the main parasympathetic nerve in the body and is involved in an
enormous array of bodily functions including digestion, cardiovascular regulation, metabolic
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homeostasis and immune response. Heart rate variability (HRV) refers to the normal
variation in the time interval between consecutive heartbeats and reflects the balance
between parasympathetic and sympathetic influences. An attenuation of HRV reflects
a reduction in vagally mediated parasympathetic innervation to the heart and is a
useful non-invasive tool to explore autonomic dysfunction. Lower HRV is associated
with worsening depressive symptoms over time, suggesting that autonomic dysregulation
is more likely to be a risk factor for depression rather than a sequela (47). Thus,
interventions increasing HRV and modulating autonomic influence may be useful for
the prevention and treatment of depression. Indeed, vagal nerve stimulation is effective in
treatment-resistant depression and may also be beneficial in treatment-resistant anxiety
disorders. Interestingly, consumption of a Mediterranean diet is associated with increased
HRV (48). There are numerous components of the Mediterranean diet pattern which
could account for this, as several have been shown to individually positively impact HRV,
including fatty fish, nuts and wine.

Microglia

Microglia are the resident macrophages in the brain and exist as two phenotypes: M1 which
are proinflammatory and M2 which are anti-inflammatory. Microglia and neuroinflamma-
tion are of major interest in the pathogenesis of cognitive decline and neurodegenerative
disorders such as Alzheimer’s disease, Parkinson’s disease and multiple sclerosis. Microglial
dysfunction is also implicated in the aetiology of depression. Although very much limited to
the pre-clinical domain at present, components of the Mediterranean diet appear to reduce
neuroinflammation. Docosahexaenoic acid (DHA) and eicosapentaenoic acid (EPA), the
two main forms of omega-3 PUFAs in the brain, inhibit microglia-mediated neuroinflam-
mation through a variety of mechanisms, including the inhibition of cytokine gene expres-
sion and a shift in microglial polarisation towards the beneficial M2 phenotype both in
vitro and in vivo (49). Polyphenols have a similar effect. Hydroxytyrosol, a polyphenol
present in significant amounts in EVOO, also reduces microglial activation in vitro (50).
Translating these findings to human subjects remains a challenge.

Practical Considerations When Using a Mediterranean Diet
Intervention in Clinical Settings

There is keen public interest in the area of nutrition and mental health at present. People
have become far more food-conscious over the past decade and are increasingly likely to ask
their mental health providers for advice on nutritional strategies to improve mood, energy,
anxiety and stress. For mental health professionals, who generally receive little or no
nutritional training (51), this can be an intimidating area of discussion. Even for those
who are interested, the field of nutritional psychiatry is growing rapidly and it is difficult to
keep abreast of new advances involving various aspects of nutrition, from probiotics to
micronutrients to herbal supplements. There are several whole-dietary patterns under
scrutiny for a range of health problems including gluten-free, ketogenic and vegetarian
diets, as well as alternative dietary strategies such as intermittent fasting. While hugely
interesting, none of these approaches currently have the robust evidence base of the
Mediterranean diet for mental health. This is important for mental health professionals
who want to provide patients with safe, well-informed advice.
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An important consideration when using lifestyle measures for mental health is the
likelihood that the person is willing and able to undertake and maintain the behavioural
change inherent in the intervention. It is notoriously difficult to change behavioural
patterns, in particular when it comes to food. This can be even more of a challenge for
patients who are suffering with depression or another psychiatric condition. Although there
is early evidence suggesting that the ketogenic diet may have some therapeutic value in
mental illness (52), it is a diet that is difficult to sustain, which will likely limit its use to
highly motivated individuals. In contrast, the Mediterranean diet is more varied and far less
restrictive and thus may have higher chances of success in the long term. It is possible to
gradually integrate Mediterranean diet principles into one’s existing diet, leaving room for
flexibility and individually determined progression. In addition, the Mediterranean diet is
relatively safe and does not require the extensive education and monitoring that the
ketogenic diet, for example, would involve, given the potential risks of prolonged ketosis.

However, there are a number of things clinicians should be aware of if recommending
the Mediterranean diet. While the Mediterranean diet is associated with improved meta-
bolic health, the increased fat intake due to olive oil and nuts may be off-putting for patients
who are concerned about weight gain. Additionally, the emphasis on grains, fruit and
vegetables means that meals can be quite high in carbohydrates, which may require some
adjusting for patients with diabetes. While the Mediterranean diet is still suitable for such
patients, it may be wise to refer them to a dietician to explore the specifics of the diet in more
detail. Because of the minimal red meat intake, patients may be concerned about low iron
levels but can be reassured that other foods such as fish, poultry and beans should be
adequate sources. Switching to a Mediterranean diet may mean eating fewer dairy products
for many people with resulting lower calcium intake. Indeed, it has been suggested that
supplementing the Mediterranean diet with extra dairy is necessary to meet recommended
calcium requirements (53). For a clinician, calcium levels can easily be monitored with
consideration of a calcium supplement or increased dairy if needed. Finally, the regular wine
consumption may, of course, not be suitable for some patients and any recommendations
should be individualised to take this into account.

An important consideration for mental health professionals is that Mediterranean diet
principles are straightforward and easy to explain. There are many resources which a
clinician can use to explain the principles of the Mediterranean diet to patients, including
freely available food pyramids and recipes (54). This could be done relatively quickly within
existing psychiatric consultations. As mentioned in the aforesaid clinical studies in depres-
sion, some interventions were very limited - in one case a 13-minute dietary video - but
they nonetheless yielded beneficial results. Additionally, it appears to be feasible to offer this
dietary intervention remotely to psychiatric patients. A trial investigating the use of a
remotely delivered, Mediterranean diet intervention in the secondary prevention of depres-
sion in Spain, the PREDIDEP study, is currently ongoing. Researchers have reported that
the remote nutritional intervention has successfully increased adherence to the
Mediterranean diet among recovered depression patients (55).

Conclusion

There is robust evidence that the Mediterranean diet is an effective strategy for improving
mental health at a population level and for reducing the risk of developing depression and
cognitive disorders. It can be encouraged as a healthy eating pattern for those keen to
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optimise their overall physical and mental well-being. Additionally, it is evident that
switching to a Mediterranean diet can be an effective adjunctive treatment for those
suffering with depression. This dietary strategy should be discussed along with the usual
treatment options for depressive disorders. The Mediterranean diet is a safe and sustainable
eating pattern. It is clear from the high rates of adherence across many clinical trials that
such a dietary change is an achievable goal for people keen to try alternative treatments for
depression. For mental health professionals interested in the field of nutritional psychiatry
and wishing to incorporate diet-based approaches in their management plans, the
Mediterranean diet is a good place to start.

References

1.

Keys, A., Menotti, A., Aravanis, C., et al.,
1984. The seven countries study: 2,289
deaths in 15 years. Preventive Medicine, 13
(2), pp. 141-54.

Ministry of Health and Welfare, s.s.h.c.,
1999. Dietary guidelines for adults in
Greece. Archives of Hellenic Medicine, 16,
pp. 516-24.

Bach-Faig, A., Berry, E. M., Lairon, D.,

et al,, 2011. Mediterranean diet pyramid
today: science and cultural updates. Public
Health Nutrition, 14(12A), pp. 2274-84.

Estruch, R., Ros, E., Salas-Salvado, J., et al.,
2018. Primary prevention of cardiovascular
disease with a Mediterranean diet
supplemented with extra-virgin olive oil or
nuts. New England Journal of Medicine, 378
(25), p. e34.

Sanchez-Villegas, A., Martinez-Gonzalez,
M. A, Serra-Majem, L., et al., 2013.
Mediterranean dietary pattern and
depression: the PREDIMED randomized
trial. BMC Medicine, 11, p. 208.

Valls-Pedret, C., Sala-Vila, A., Serra-Mir,
M., et al., 2015. Mediterranean diet and
age-related cognitive decline: a
randomized clinical trial. JAMA Internal
Medicine, 175(7), pp. 1094-1103.

Martinez-Lapiscina, E. H., Clavero, P.,
Tolego, E., et al., 2013. Virgin olive oil
supplementation and long-term cognition:
the PREDIMED-NAVARRA randomized
trial. The Journal of Nutrition, Health and
Aging, 17(6), pp. 544-52.

Martinez-Lapiscina, E. H., Clavero, P,
Toledo, E., et al., 2013. Mediterranean diet
improves cognition: the PREDIMED-
NAVARRA randomised trial. Journal of

10.

11.

12.

13.

14.

15.

Neurology, Neurosurgery, and Psychiatry,
84(12), pp. 1318-25.

Molendijk, M., Molero, P., Sanchez-
Pedreno, F. O,, et al., 2018. Diet quality and
depression risk: a systematic review and
dose-response meta-analysis of prospective
studies. Journal of Affective Disorders, 226,
pp. 346-54.

Lai, J. S., Hiles, S. M., Bisquera, A., et
al.,2014. A systematic review and meta-
analysis of dietary patterns and depression
in community-dwelling adults. The
American Journal of Clinical Nutrition, 99
(1), pp. 181-97.

Lassale, C., Batty, G. D., Baghdadli, A.,
etal,, 2019. Healthy dietary indices and risk
of depressive outcomes: a systematic
review and meta-analysis of observational
studies. Molecular Psychiatry, 24, 965-86.

Firth, J., Marx, W., Dash, S., et al., 2019. The
effects of dietary improvement on symptoms
of depression and anxiety: a meta-analysis of
randomized controlled trials. Psychosomatic

Medicine, 81(3), pp. 265-80.

Madani, S., Ahmadi, A., Shoaei-
Jouneghani, F., et al., 2022. The
relationship between the Mediterranean
diet and Axis I disorders: a systematic
review of observational studies. Food
Science & Nutrition, 10, 3241-58.

Chocano-Bedoya, P. O., O’Reilly, E. J.,
Lucas, M., et al. 2013. Prospective study on
long-term dietary patterns and incident
depression in middle-aged and older
women. The American Journal of Clinical
Nutrition, 98(3), pp. 813-20.

Okubo, R., Matsuoka, Y. J., Sawada, N, et al.,
2019. Diet quality and depression risk in a


https://doi.org/10.1017/9781009299862.004

52

Mary I. Butler and Sabrina Méorkl

16.

17.

18.

19.

20.

21.

22.

23.

24.

Japanese population: the Japan Public Health
Center (JPHC)-based Prospective Study.
Scientific Reports, 9(1), p. 7150.

Jacka, F. N., O’Neill, A., Opie, R,, et al,,
2017. A randomised controlled trial of
dietary improvement for adults with major
depression (the ‘SMILES’ trial). BMC
Medicine, 15(1), p. 23.

Parletta, N., Zarnowiecki, D., Cho, J., et al.,
2019. A Mediterranean-style dietary
intervention supplemented with fish oil
improves diet quality and mental health in
people with depression: A randomized
controlled trial (HELFIMED). Nutritional
Neuroscience, 22(7), pp. 474-87.

Bayes, J., Schloss, J. and Sibbritt,D., 2021. A
randomised controlled trial assessing the
effect of a Mediterranean diet on the
symptoms of depression in young men (the
‘AMMEND’ study): a study protocol. British
Journal of Nutrition, 126(5), p. 730-7.

Francis, H. M., Stevenson, R., Chambers, J.
R., etal., 2019. A brief diet intervention can
reduce symptoms of depression in young
adults: a randomised controlled trial. PLoS
One, 14(10), p. €0222768.

Lin, K., Li, Y., Du Toit, E,, et al., 2021.
Effects of polyphenol supplementations on
improving depression, anxiety, and quality
of life in patients with depression. Frontiers
in Psychiatry, 12, 765485.

Chen, L. R., Ko,N. Y. and Chen,K. H., 2019.
Isoflavone supplements for menopausal
women: a systematic review. Nutrients,
11(11).

NHS.2021. Medicines used in mental health
- England - quarterly summary statistics
April to June 2021. www.nhsbsa.nhs.uk/stat
istical-collections/medicines-used-mental-he
alth-england/medicines-used-mental-health-
england-quarterly-summary-statistics-april-
june-2021.

Chatterton, M. L., Mihalopoulos, C.,
O’Neill, A., et al., 2018. Economic
evaluation of a dietary intervention for
adults with major depression (the ‘SMILES’
trial). BMC Public Health, 18(1), p. 599.

Opie, R. S, Itsiopoulos, C., Parletta, N., et al.,
2015. Assessing healthy diet affordability in a
cohort with major depressive disorders.

25.

26.

27.

28.

29.

30.

31.

32.

33.

Journal of Public Health and Epidemiology, 7
(5), pp. 159-69.

Wu, L. and Sun,D., 2017. Adherence to
Mediterranean diet and risk of
developing cognitive disorders: an
updated systematic review and meta-
analysis of prospective cohort studies.
Scientific Reports, 7(1), p. 41317.

Liu, X., Morris, M. C. and Barnes, L. L.,
2021. Mediterranean-DASH Intervention
for Neurodegenerative Delay (MIND)
study: rationale, design and baseline
characteristics of a randomized control
trial of the MIND diet on cognitive
decline. Contemporary Clinical Trials, 102,
p. 106270.

Yang, W, Cui, K., Li, X,, et al., 2021. Effect
of polyphenols on cognitive function:
evidence from population-based studies
and clinical trials. The Journal of Nutrition,
Health & Aging, 25(10), pp. 1190-1204.

Tsolaki, M., Lazarou, E., Kozori, M., et al.,
2020. A randomized clinical trial of Greek
high phenolic early harvest extra virgin
olive oil in mild cognitive impairment: the
MICOIL pilot study. Journal of Alzheimer’s
Disease, 78(2), pp. 801-17.

Firth, J., Stubbs, B., Teasdale, S. B., et al.,
2018. Diet as a hot topic in psychiatry: a
population-scale study of nutritional
intake and inflammatory potential in
severe mental illness. World Psychiatry, 17
(3), pp- 365-7.

Esposito, K., Marfeela, R., Ciotola, M., et
al,, 2004. Effect of a Mediterranean-style
diet on endothelial dysfunction and
markers of vascular inflammation in the
metabolic syndrome: a randomized trial.
Journal of the American Medical
Association, 292(12), pp. 1440-6.

Liu, T., Zhong, S., Liao, X, et al., 2015. A
meta-analysis of oxidative stress markers in
depression. PLoS One, 10(10), p. €0138904.

Andreazza, A. C., Kauer-Sant’anna, M.,
Frey, B. N, et al., 2008. Oxidative stress
markers in bipolar disorder: a meta-
analysis. Journal of Affective Disorders, 111
(2), pp. 135-44.

Flatow, J., Buckley, P. and Miller, B. J.,
2013. Meta-analysis of oxidative stress in


http://www.nhsbsa.nhs.uk/statistical-collections/medicines-used-mental-health-england/medicines-used-mental-health-england-quarterly-summary-statistics-april-june-2021
http://www.nhsbsa.nhs.uk/statistical-collections/medicines-used-mental-health-england/medicines-used-mental-health-england-quarterly-summary-statistics-april-june-2021
http://www.nhsbsa.nhs.uk/statistical-collections/medicines-used-mental-health-england/medicines-used-mental-health-england-quarterly-summary-statistics-april-june-2021
http://www.nhsbsa.nhs.uk/statistical-collections/medicines-used-mental-health-england/medicines-used-mental-health-england-quarterly-summary-statistics-april-june-2021
http://www.nhsbsa.nhs.uk/statistical-collections/medicines-used-mental-health-england/medicines-used-mental-health-england-quarterly-summary-statistics-april-june-2021
https://doi.org/10.1017/9781009299862.004

The Mediterranean Diet and Mental Health 53

34.

35.

36.

37.

38.

39.

40.

41.

42.

schizophrenia. Biological Psychiatry, 74(6),
pp- 400-9.

Butler, M. I, Cryan, J. F. and Dinan, T. G.,
2019. Man and the microbiome: a new
theory of everything? Annual Review of
Clinical Psychology, 15, pp. 371-98.

Ghosh, T. S., Rampelli, S., Jeffrey, L, et al,,
2020. Mediterranean diet intervention
alters the gut microbiome in older people
reducing frailty and improving health
status: the NU-AGE 1-year dietary
intervention across five European
countries. Gut, 69(7), p. 1218.

Borkent, J., Ioannouet, M., Sommer, I. E.
C., et al,, 2022. Role of the gut microbiome
in three major psychiatric disorders.
Psychological Medicine, 52(7), pp. 1222-42.

Valles-Colomer, M., Falony, G., Darzy, Y.,
et al., 2019. The neuroactive potential of
the human gut microbiota in quality of life
and depression. Nature Microbiology, 4,
pp. 623-32.

McGuinness, A. J., Davis, J. A., Dawson, S.
L., et al,, 2022. A systematic review of gut
microbiota composition in observational
studies of major depressive disorder,
bipolar disorder and schizophrenia.
Molecular Psychiatry, 27(4), pp. 1920-35.

Meslier, V., Laiola, M., Roager, H. M., et al,,
2020. Mediterranean diet intervention in
overweight and obese subjects lowers
plasma cholesterol and causes changes in
the gut microbiome and metabolome
independently of energy intake. Gut, 69(7),
pp. 1258-68.

Kishi, T., Yoshimura, R., Ikuta, T., et al,,
2017. Brain-derived neurotrophic factor
and major depressive disorder: evidence
from meta-analyses. Frontiers in
Psychiatry, 8, p. 308.

Sanchez-Villegas, A., et al., 2011. The
effect of the Mediterranean diet on plasma
brain-derived neurotrophic factor
(BDNF) levels: the PREDIMED-
NAVARRA randomized trial. Nutritional
Neuroscience, 14(5), pp. 195-201.

Arjmand, G., Abbas-Zadeh, M. and

Eftekhari, M. H., 2022. Effect of MIND diet
intervention on cognitive performance and
brain structure in healthy obese women: a

43.

44.

45.

46.

47.

48.

49.

50.

51.

randomized controlled trial. Scientific
Reports, 12(1), p. 2871.

Carvalho, K. M. B., Ronca, D. B., Michels,
N., et al., 2018. Does the Mediterranean
diet protect against stress-induced
inflammatory activation in European
adolescents? The HELENA study.
Nutrients, 10(11).

Bonaccio, M., Di Castelnuovo, A.,
Costanzo, S., et al., 2018. Mediterranean-
type diet is associated with higher
psychological resilience in a general adult
population: findings from the Moli-sani
study. European Journal of Clinical
Nutrition, 72(1), pp. 154-60.

Shively, C. A., Appt, S. E. and Register,
T. C., 2020 Mediterranean diet, stress
resilience, and aging in nonhuman
primates. Neurobiology of Stress, 13,

p. 100254

Razquin, C., Ruiz-Canela, M., Toledo, E.,
etal, 2021. Metabolomics of the tryptophan-
kynurenine degradation pathway and risk of
atrial fibrillation and heart failure: potential
modification effect of Mediterranean diet.
The American Journal of Clinical Nutrition,
114(5), pp. 1646-54.

Huang, M., Shah, A. and Su, S., 2018.
Association of depressive symptoms and
heart rate variability in Vietnam war-era
twins: a longitudinal twin difference study.
JAMA Psychiatry, 75(7), pp. 705-12.

Dai, J., 2010. Mediterranean dietary pattern
is associated with improved cardiac
autonomic function among middle-aged
men: a twin study. Circulation:
Cardiovascular Quality and Outcomes, 3(4),
pp- 366-73.

Chen, S., Zhang, H., Pu, H,, et al., 2014. n-3
PUFA supplementation benefits microglial
responses to myelin pathology. Scientific
Reports, 4(1), p. 7458.

Gallardo-Fernandez, M., Hornedo-Ortega,
R. and de Pablos, R. M., 2019.
Hydroxytyrosol decreases LPS- and a-
synuclein-induced microglial activation in
vitro. Antioxidants (Basel), 9(1).

Morkl, S., Stell, L., Buhai, D. V., et al., 2021.
‘An apple a day’? Psychiatrists,
psychologists and psychotherapists report


https://doi.org/10.1017/9781009299862.004

54

Mary I. Butler and Sabrina Méorkl

52.

53.

poor literacy for nutritional medicine:
international survey spanning 52 countries.
Nutrients, 13(3).

Danan, A., Westman, E. C., Saslow, L. R.,
etal,, 2022. The ketogenic diet for refractory
mental illness: a retrospective analysis of 31
inpatients. Frontiers in Psychiatry, 13.

Wade, A. T., Davis, C. R., Dyer, K. A, etal,,
2018. A Mediterranean diet supplemented
with dairy foods improves markers of
cardiovascular risk: results from the
MedDairy randomized controlled trial. The

54.

55.

American Journal of Clinical Nutrition, 108
(6), pp- 1166-82.

Oldways. Mediterranean diet pyramid.
https://oldwayspt.org/resources/oldways-
mediterranean-diet-pyramid.

Cabrera-Sudrez, B., Pla, J., Gonzélez-
Pintoet, A., et al., 2022. Effectiveness of
a remote nutritional intervention to
increase the adherence to the
Mediterranean diet among recovered
depression patients. Nutritional
Neuroscience, 10, 1-10.


https://oldwayspt.org/resources/oldways-mediterranean-diet-pyramid
https://oldwayspt.org/resources/oldways-mediterranean-diet-pyramid
https://doi.org/10.1017/9781009299862.004

Psychobiotics and Fermented
| Foods

Ted Dinan

Summary

Psychobiotics are bacteria that have a positive mental health benefit when
ingested in adequate amounts. They act through the brain-gut-microbiota axis
which is a bidirectional communication system linking gut microbes and the
brain. Until relatively recently, gut microbes were viewed as commensal with no
major impact on brain function. It is now clear that gut microbes produce an
array of molecules which are essential for normal brain function, for example
short-chain fatty acids. Over 1,000 strains of bacteria have been identified in the
human gut and there is increasing evidence to support the view that psychiatric
illnesses are associated with a gut dysbiosis. It is within this context that the field
of psychobiotic research has emerged. Given the novel state of the field, it is not
surprising that there are far more animal than human studies in the literature.
However, there is growing evidence that some psychobiotics can play a role in
managing stress-related disorders such as anxiety, depression and irritable bowel
syndrome. So far, the major focus of psychobiotic research has been on
Lactobacilli and Bifidobacteria, but there is potential to use a far broader range
of bacteria. Psychobiotics have the ability to influence the core stress axis, namely
the hypothalamic-pituitary-adrenal axis, reduce inflammatory responses, elevate
brain trophic factors and impact positively on a ‘leaky gut’. Overall, the field
represents a paradigm shift in psychiatry.

Probiotic Background

From ancient times, humans have used fermented foods and drinks to maintain physical and
mental health, even though there was no understanding as to how fermented food produced
such effects (1). Douchi, a fermented soybean, is described in the Yellow Emperor’s Classic of
Internal Medicine dating back as far as 475 BC. It was used to relieve psychiatric symptoms
such as fatigue and insomnia (2). A ‘yellow dragon soup’ or ‘golden syrup’ made of fermented
or dry stool was traditionally used to treat abdominal discomfort in ancient China (3). Louis
Pasteur is regarded as the father of fermentation science, but he never associated the microbes
involved in fermentation with significant health benefits. However, Elie Metchnikoft, who for
a time worked with Pasteur, observed that villagers living in the Caucasus mountains drank
fermented yogurt on a regular basis (4). Studying the drink, he found it contained Lactobacillus
bulgaricus and speculated that this type of bacteria improved the villagers’ well-being and
resulted in an extended lifespan. Although popular immediately after publication, the theory
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was largely ignored by the medical and scientific community until a recent resurgence in
interest over the past 20 years. The gut microbiome is now recognised to play a critical role in
health and disease. Several definitions of probiotics have been put forward over the decades.
Fuller defined a probiotic as ‘A live microbial feed supplement which beneficially affects the
host animal by improving its intestinal microbial balance’ (5, 6).

On 26 April 1910, George Porter Philips read a paper in the UK at the Spring Meeting of
the South East Division in Hanwell. The paper, which was never published in full, was
entitled “The Treatment of Melancholia by the Lactic Acid Bacillus’. His observations seem
to have gone largely ignored. Subsequent decades saw no overlap between psychiatry and
microbiology but did witness developments in psychopharmacology and psychological
treatments such as psychoanalysis. Over 100 years after Philips’ paper, Dinan and colleagues
at APC Microbiome Ireland introduced the concept of a psychobiotic (7). They defined
a psychobiotic as a type of bacteria that produced a positive mental health benefit when
ingested in adequate amounts. They proposed that such bacteria can have psychotropic
effects. However, prebiotics, usually fibres that promote the growth of beneficial bacteria,
can also have psychobiotic properties. As a result, the definition of psychobiotics has been
expanded to cover prebiotics (8).

Definitions

Gut microbiota is the range of microorganisms found in the gut, including bacteria, archaea,
fungi and viruses.

Probiotics are characterised as living bacteria which, in adequate amounts, are beneficial
for health (9). Dosage is described in colony-forming units (CFUs). Most studies use lactic
acid bacteria and Bifidobacteria but some use probiotic yeast strains such as Saccharomyces
boulardii. New potential probiotics are arising outside these genera. Probiotics should
suppress pathogenic bacteria and contribute to a healthy gut environment by interacting
with the host microbiota and the immune system. They can have several effects on host
health, including improvements in metabolism, immunity, endocrine and brain function.

Prebiotics are food constituents such as non-digestible carbohydrates and dietary fibre
(10). They are selectively fermented in the large intestine and specifically boost the growth of
health-promoting bacteria. Prebiotics include resistant starch, inulin, fructooligosaccharides
(FOS), galactooligosaccharides (GOS) and soluble dietary fibres. They are found in fruit and
vegetables such as asparagus, potatoes, broccoli and chicory and also in nuts and seeds. These
compounds are frequently low in the Western-style diet.

Synbiotics are defined as synergistic combinations of probiotics and prebiotics which work
to beneficially affect the host (11). They were originally created to counteract difficulties with
the survival of probiotics in the gastrointestinal tract and should have a superior impact
compared to the activity of a single component. Synbiotics selectively improve the survival
and implantation of health-promoting bacteria in the gut. There is little published research on
the use of synbiotics in the management of mental illnesses. However, considering the vast
number of combinations of prebiotics and probiotics for the modulation of the gut micro-
biota, this area seems ripe for exploitation.

The term postbiotics comprises bioactive substances such as short-chain fatty
acids (SCFAs) which are produced by probiotics and components of the bacterial
cell wall (12). As soluble factors made by probiotics, postbiotics alone are sufficient
to elicit the desired response in the host (13). An example of a postbiotic is butyrate,
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Table 4.1 Bacteria frequently viewed as possessing psychobiotic activity

Lactobacillus Bifidobacterium Others

species species
plantarum - breve «  Akkermansia muciniphila
acidophilus - bifidum - Streptococcus salivarius (subspecies
casei (subspecies - longum thermophilus)
rhamnosus) - infantis - Lactococcus lactis (subspecies lactis)
casei Shirota . adolescentis «  Lactococcus lactis (subspecies cremoris)
bulgaricus . lactis «  Enterococcus faecium
johnsonii - animalis - Leuconostocmesenterioides (subspecies
reuteri dextranium)
rhamnosus - Proprionibacterium freudenreichii
brevis «  Pediococcus acidilactici
fermentum «  Saccharomyces boulardii
lactis - Escherichia coli Nissle 1917
salivarius «  Bacteroides thetaiotaomicron

Clostridium Butyricum
Blautia stercoris

which exerts neuropharmacological effects and influences the brain indirectly via
immune and vagal nerve regulation, as well as possible epigenetic modulation (14).
Initial studies suggest that postbiotics exert a positive impact on inflammatory
markers (13). In addition, we have found that certain postbiotics exhibit promising
test-specific antidepressant and anxiolytic effects in animal models (15).

Psychobiotics, as described earlier, are probiotics or prebiotics with a positive impact on
mental health (7). Psychobiotic action can be delivered either as ingestion of a single strain of
abacterium or a multiple-strain probiotic cocktail, termed a polybiotic. Furthermore, even dead
probiotic microorganisms can induce immune and antidepressant-like effects. Such dead
strains are termed parabiotics (7, 16). For example, oxytocin-mediated effects of Lactobacillus
reuteri were achievable when using a lysed sterile Lactobacillus reuteri preparation alone (17),
and dead Lactobacillus strains have been shown to reduce glucocorticoid levels (18) (see
Table 4.1).

Psychobiotic Characteristics

What are the desirable characteristics of an ideal psychobiotic? We have previously charac-
terised the ideal psychobiotic as possessing the following features (1, 14, 19-22):

o Resistance against stomach acids and bile, enabling it to reach the large intestine in
adequate quantities. If the bacteria are unduly acid or bile sensitive, they will be
destroyed in the upper gastrointestinal tract and have little or no impact.

o Sufficient attachment to the intestinal mucosa. In the absence of such attachment, even
transient, it is likely the bacteria will pass from mouth to anus without adequate activity.
It should be noted that probiotic bacteria, as a general rule, do not colonise the intestine.

o Metabolic activity in the gastrointestinal tract, such as the production of
neurotransmitters and SCFAs. Metabolic activity is considered by many researchers as
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the key to functionality, but this ignores the fact that in certain circumstances dead
bacteria can produce significant effects.

o Antimicrobial activity against pathogens. This is probably more important in treating
infections such as C. difficile than in establishing psychobiotic activity.

o Reduction of the pH value in the colon.

o Easy application and palatability. A formulation with low palatability is likely to be
poorly received by patients.

« Resistance against the antimicrobial effects of concomitant (psychotropic) medication.

o Anti-inflammatory and immune-modulating effects. There is increasing evidence
to indicate that in disorders such as depression, these characteristics are
fundamental.

« Ability to strengthen the intestinal barrier. Altered gut barrier function is increasingly
viewed as a characteristic of stress-related disorders. The ability to impact a ‘leaky gut’ is
seen by many as essential in psychobiotic development.

o Ability to act directly or indirectly as epigenetic modulators and thus alter gene
expression. SCFAs such as butyrate, by acting as histone deacetylase (HDAC) inhibitors,
bring about epigenetic modulation.

Key Bacterial Genes

Just as certain genes render bacteria pathogenic, it is likely that clusters of genes provide
mental health benefits. The essential genes for effective psychobiotics have yet to be
identified. It may be that at some stage in the future, the ideal psychobiotic will be
a genetically modified organism containing genes from several different bacteria. Until
then, cocktails of bacteria may be more effective than single strains in producing health
benefits. A strategy for identifying psychobiotic bacteria was outlined by Bambury and
colleagues (23).

Psychobiotics and Stress

Much of the animal and human studies have focussed on stress, which is a risk factor for
mental illness but not an illness in its own right. As a result, much of the focus has been on
stress in healthy subjects. Allen and colleagues tested whether psychobiotic consumption
could alter the stress response, cognition and brain activity patterns (24). In a within-
subjects design, healthy volunteers completed cognitive assessments and resting electro-
encephalography and were exposed to a socially evaluated cold pressor test at baseline,
post-placebo and post-psychobiotic. Increases in cortisol output and subjective anxiety in
response to the socially evaluated cold pressor test were attenuated by the psychobiotics.
Furthermore, daily reported stress was reduced by psychobiotic consumption, and there
was a significant correlation between the reduction in perceived stress and the reduction
in cortisol. The authors also observed subtle improvements in hippocampus-dependent
visuospatial memory performance, as well as enhanced frontal midline electroencephalo-
graphic mobility following psychobiotic consumption. These subtle but clear benefits are
in line with the predicted impact from pre-clinical screening studies. The results indicate
that consumption of B. longum 1714 is associated with reduced stress and improved
memory.
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The same bacterial strain was used in a sleep study. A randomised, placebo-controlled,
repeated measures, cross-over intervention was conducted to examine the effects of
a psychobiotic. Twenty male students participated in this study. Post-intervention assess-
ments took place during the university exam period, which was used as a naturalistic
chronic stressor. Self-reported measures of stress, depression, sleep quality, physical activ-
ity, gastrointestinal symptoms, cognition and mood were assessed by questionnaire. In
addition, tests from the Cambridge Neuropsychological Test Automated Battery
(CANTAB) were administered to all participants. Stress and depression scores increased
in both placebo- and probiotic-treated groups during the exam period. While overall sleep
quality and duration of sleep improved significantly in the psychobiotic-treated group
during exam stress compared with the placebo-treated group, B. longum 1714, similar to
placebo treatment, showed no efficacy in improving measures of working memory, visual
memory, sustained attention or perception. Overall, B. longum 1714 shows promise in
improving sleep quality and duration.

Not all psychobiotic studies on stress have proved positive. Kelly and colleagues
determined the impact of L. rhamnosus (JB1) on stress-related behaviours, physiology,
inflammatory response, cognitive performance and brain activity patterns in healthy
male participants. A randomised, placebo-controlled, cross-over design was employed.
There was no significant effect of psychobiotic treatment on measures of mood,
anxiety, stress or sleep quality and no significant effect of psychobiotic over placebo
on subjective stress measures or the hypothalamic-pituitary-adrenal (HPA) response.
The results sharply contrast with the positive findings in rodent studies (see
Figure 4.1).

Stress

Studies show that many
psychobiotics reduce stress
levels e.g. Bifidobacterium
longum 1714

Consequences of dysbiosis
Minflammatory cytokines

M cortisol

Altered short-chain fatty acids
Altered gut barrier

Anxiety
Strong link with dysbiosis
Bifidobacterium infantis

effective in IBS LBDNF

Depression € "

J microbial diversity o A .’}'
Lactobacillus helveticus and )
Bifidobacterium longum strains )
may be effective in treatment Dysbiosis

Figure 4.1 Changes induced by a gut dysbiosis in stress-related disorders. Examples of psychobiotics used to treat
stress, anxiety and depression are provided.
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Psychobiotics and Anxiety

Anxiety disorders such as panic disorder and generalised anxiety disorder are very common
and seem to be on the increase. A major epidemiological study by Bruch and colleagues found
that intestinal infection was associated with a significantly increased odds ratio of an anxiety
disorder (25), thus strengthening the link between intestinal dysbiosis and anxiety. That the
gut microbiome is altered in some anxiety states has been demonstrated in a recent study of
social anxiety disorder. However, so far there is only limited evidence for anxiolytic effects of
psychobiotics in humans (26, 27) as most studies in humans have focussed on stress rather
than anxiety disorders. In animal models of obsessive-compulsive disorder, Lactobacillus
rhamnosus has been found effective, and in a single-case report on Saccharomyces boulardi,
the yeast was reported as beneficial. There is now a large literature on the use of psychobiotics
in the treatment of irritable bowel syndrome (IBS), which is frequently comorbid with anxiety.
The general consensus is that certain bacterial strains are effective in treating IBS.
Bifidobacterium infantis 35624 has been extensively studied and demonstrated as effective.

Psychobiotics and Depression

Depression is the most common mood disorder and globally is the most important of all
psychiatric conditions. In a study of patients with major depression, we found significant
differences in the microbiota when compared with healthy controls (28). In a large-scale
study, Valles-Colomer and colleagues studied the relationship between gut bacteria and
quality of life and depression (29). They combined faecal microbiome data with primary
care physician diagnoses of depression from 1,054 individuals enrolled in the Flemish Gut
Flora Project. They found specific groups of bacteria that positively or negatively correlated
with quality of life. Two bacterial genera, Coprococcus and Dialister, were depleted in patients
with depression, whether or not they were taking antidepressants. Butyrate-producing bac-
teria were consistently associated with better quality-of-life measures. The findings were
replicated in an independent cohort of 1,063 individuals from the Dutch LifeLinesDEEP
cohort and in a sample of clinically depressed patients at the University Hospitals Leuven,
Belgium. The results provide the first population-based evidence for microbiome links with
mental health. Given these findings, it is worth remembering that the first antidepressants
were anti-tuberculous drugs and that current antidepressants also act on the gut microbiota.

Currently, patients are treated either with pharmacotherapy or psychological interven-
tions. Many patients are unwilling to accept pharmacological interventions but would accept
a natural alternative such as a psychobiotic. In a national cross-sectional study, Kim and
colleagues found that fermented food consumption was associated with lower severity and
prevalence of depression (30). Akkasheh and colleagues (31) demonstrated a significant
amelioration of depressive symptoms after psychobiotics using the Beck Depression
Inventory (BDI-II) in 40 patients diagnosed with major depression. Furthermore, they
provided evidence for other physiological changes; not only were psychobiotics capable of
significantly decreasing serum insulin but they also demonstrated a positive effect on the
increase of glutathione, a relevant antioxidant. Also observed was a decrease in the C-reactive
protein (CRP), the acute phase protein. Similar conclusions were drawn by Kazemi and
colleagues (32), who administered Lactobacillus helveticus and Bifidobacterium longum for 8
weeks to patients with mild to moderate depression. They found significant decreases in the
BDI scores. Moreover, they reported a decrease in the kynurenine to tryptophan ratio and an
increase in the tryptophan to isoleucine ratio after psychobiotic administration, a further
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indication of an interaction between psychobiotics and the underlying pathophysiology of
depression (33).

Mohammadi and colleagues (34) compared the effects of probiotic yogurt and freeze-
dried capsule probiotics with those of a placebo. Both probiotic forms of administration
attained a diminution of the Depression, Anxiety and Stress (DASS)-42 score in comparison
with the placebo group, with the yogurt and the capsule group being equally successful.
However, it must be stressed that Mohammadi and colleagues did not focus on patients with
a diagnosis of major depression, as they examined the effects of probiotics on the mental
health of petrochemical workers, though a significant number of these workers had increased
DASS-42 scores at baseline and might be considered as stressed and/or in a depressed mood.

In marked contrast to the latter findings, neither Rudzki and colleagues nor Rao and
colleagues could provide clear evidence for direct antidepressant effects of psychobiotics
(35, 36). Interestingly Rudzki and colleagues did show that an 8-week application of
Lactobacillus plantarum LP299 v led to a significant improvement of cognitive functions
in depressive patients (35).

Schaub and colleagues (37) conducted the first randomised controlled trial to
determine whether short-term, high-dose probiotic supplementation reduces depressive
symptoms and gut-microbial and neural changes in depressed patients. Patients with
major depression took either a multi-strain probiotic supplement or placebo over 31 days
in addition to treatment as usual. Assessments occurred at baseline, immediately after and
again 4 weeks after the intervention. The Hamilton Depression Rating Scale (HAM-D)
was used as the primary outcome measure. Quantitative microbiome profiling and
neuroimaging were used to detect changes along the brain-gut-microbiota axis. In the
sample that completed the intervention (probiotics N = 21, placebo N = 26), HAM-D scores
decreased over time and interactions between time and group indicated a stronger decrease in
the probiotics relative to the placebo group. Probiotics maintained microbial diversity and
increased the abundance of the genus Lactobacillus, indicating the effectivity of the probiotics
in increasing specific taxa. The increase of Lactobacillus was associated with decreased
depressive symptoms in the probiotics group. Finally, putamen activation in response to
neutral faces was significantly decreased after the probiotic intervention.

Musazadeh and colleagues (38) published a recent umbrella meta-analysis of psychobiotics in
treating depression. They proposed a decisive impact of probiotics on depressive symptoms. The
multiple international databases were searched up to July 2021. The pooled data indicated that
probiotic supplementation significantly reduced depression symptoms. Subgroup analysis of
studies with intervention duration of more than 8 weeks and dosage greater than 10 x 10’ CFUs
demonstrated a more robust effect of probiotics on decreasing depression symptoms. They noted
significant between-study heterogeneity in which dosage was a major issue.

A lack of appropriate dose-response studies is undoubtedly a limitation in all psychobiotic
studies to date.

How Do Psychobiotics Work?

Although the connections between gut microbes and the brain have been likened to a ‘black box’
(39), the mechanisms of psychobiotic action are gradually being unravelled, as is their influence
on psychiatric symptoms. The architecture of psychobiotic-gut-brain-communication is
complex and includes metabolic, neural, endocrine and immunological pathways.
A considerable amount of research has described the influence of psychobiotics on a wide
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range of central processes such as neurogenesis, neuropeptide expression, inflammation and

neurotransmission (40). Nonetheless, it has to be borne in mind that the majority of published

studies on this topic describe pathways in rodent models (41), and major clinical conclusions

from rodent studies cannot always be drawn. Some important studies have failed to replicate

rodent data in humans (42) and it is clear that far more human research is required in the field.
The following mechanisms of psychobiotic action via the gut-brain axis have been

proposed:

o Suppression of the HPA axis

o Production of neurotransmitters

o Modulation of brain-derived neurotrophic factor (BDNF) and oxytocin

o Adjustment of vagal tone

o Production of postbiotics (SCFAs)

o Continuity of the intestinal barrier

o Modification of the immune system

o Interaction with gut hormones

From an evolutionary perspective, bacteria enabled the development of the human nervous
system via a close symbiotic bacterial host mutualism (43). Therefore, these mechanisms are
not to be seen separately or in parallel. They share a complex interconnectivity. Ongoing
research is attempting to fully unravel the mechanisms through which gut bacteria can have
such a distinct effect on the brain and behaviour.

Hypothalamic—Pituitary—Adrenal Axis

The HPA axis is an essential player in psychobiotic action. It is the core stress axis in humans
and rodents. The inability to raise cortisol levels in response to stress is incompatible with
life, as is the case in untreated Addison’s disease. In 2004, Sudo and colleagues published
a seminal paper showing that Bifidobacterium infantis reversed an exaggerated stress
response with high corticosterone in rodents (44). Messaoudi and colleagues found that
in healthy volunteers, the stress hormone cortisol in urine was significantly reduced
following the administration of Lactobacillus helveticus and Bifidobacterium longum (21).
In line with this, Desbonnet and colleagues demonstrated that Bifidobacterium longum
35624 normalised corticosterone levels in a maternal separation model in rodents (45).
More recently, Lactobacillus kefiranofaciens ZW3 isolated from Tibetan kefir was found to
regulate the HPA axis and subsequently improve depression-like behaviour in mice (46).

The HPA axis and the gut microbiota are intertwined; each system can impact the other in
a regulatory manner. This can be seen in animal models of stress, where HPA-axis alterations
lead to changes in microbiota composition and vice versa (47, 48). High glucocorticoid levels in
humans directly and significantly impact the gut microbiota. Psychobiotics have been shown to
influence cortisol levels. For example, Bimunoe-galactooligosaccharides (B-GOS) administra-
tion significantly lowered salivary cortisol awakening responses in healthy subjects. In a dot-
probe task B-GOS also increased attentional vigilance to positive information, while no effects
were found following FOS (49). Allen and colleagues in a placebo-controlled study found that
Bifidobacterium longum 1714 reduced salivary cortisol levels. The reduction in cortisol was
significantly correlated with a perceived reduction in stress. Another strain of Bifidobacterium
longum 1472 has also been found to reduce salivary cortisol levels in a placebo-controlled
study (50).
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Neurotransmitters

Interestingly, there seems to be a shared chemical lexicon between the human host and the
gut microbiota. Most major neurotransmitters (glutamate, serotonin, gamma-aminobutyric
acid (GABA), noradrenaline, acetylcholine) are produced in the gut and are in continuous
interaction with the gut-brain axis. The same neurotransmitters are involved centrally in
regulating mood, behaviour and cognition. It is highly unlikely that neurotransmitters
produced by psychobiotic bacteria reach the brain. Even if they did, it is certain they
would not cross the blood-brain barrier. However, such neurotransmitters may influence
the brain indirectly through the enteric nervous system or the vagus nerve.

Examples of neurotransmitter-generating bacteria are: Lactobacillus, Escherichia and
Bifidobacterium spp. that produce GABA (51, 52); Escherichia, Bacillus and Saccharomyces
spp. that produce noradrenaline (53, 54); Candida, Streptococcus, Escherichia and
Enterococcus spp. that produce serotonin; Bacillus that produce dopamine (54); and
Lactobacillus that produce acetylcholine (55, 56).

For example, in rodents, Lactobacillus rhamnosus (JB1 strain) has potent anti-anxiety
effects mediated by GABA. The vagal nerve is an important modulator of GABA receptors
and following vagotomy no alteration of GABA receptors is seen after Lactobacillus rhamno-
sus administration (57, 58). Interestingly, certain Lactobacillus spp. are also able to synthesise
glutamic acid (59). Both host and bacteria (such as Lactobacillus spp. and Bifidobacterium spp.)
can subsequently convert glutamate to GABA (60-62). The Human Microbiome Project
recently confirmed these findings: the gut microbiome encodes glutamate decarboxylase, the
enzyme that converts glutamic acid into GABA (63).

Over 95% of the body’s serotonin production takes place in the enterochromaftin (EC)
cells in the gastrointestinal tract (64). The brain accounts for less than 5% of the body’s
serotonin. The first description of a probiotic (named C. perfringens) modulating the
production of serotonin in the gut was in 1962 (65). Some spore-forming Clostridia taxa
can increase serotonin-biosynthesis and intestinal transit (66, 67). In addition to the direct
production of serotonin, probiotics influence serotonin metabolism through a decrease in
kynurenine, anthranilic acid and the 3-hydroxykynurenine to kynurenine ratio (32, 35, 68).
Bifidobacterium longum 35624 has been shown to impact on serotonin levels by increasing
plasma tryptophan (45). As tryptophan is the essential precursor of serotonin and the brain
has a limited storage capacity, tryptophan is acquired from dietary sources and bacterial
synthesis.

Another mediator is histamine. For example, Morganella morganii and E. coli have been
shown to produce biogenic amines (69), including histamine (70, 71), and L. reuteri was
shown to modulate host gut immune function (72), as well as intestinal inflammation via the
histamine H2 receptor (73).

Gut-originated neurotransmitters cross the mucosal layer of the intestine. However, as
mentioned earlier, they are unlikely to have a direct effect on the brain as most of them
cannot pass the blood-brain barrier (74). Nevertheless, they indirectly impact brain func-
tion (75, 76).

Brain-Derived Neurotrophic Factor

Prebiotics and probiotics have been shown to enhance molecules in the brain responsible for
learning and memory, such as the trophic factor BDNF and the excitatory neurotransmitter
glutamate. Research in rodent models shows that hippocampal BDNF increases after prebiotic
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and probiotic intake (77-80). While germ-free mice (who lack gut microbiota) have reduced
BDNF levels, ingestion of a prebiotic (oligosaccharide 2-fucosyllactose) leads to increased
BDNF concentrations and enhanced performance on learning and memory tests.

Even more interesting are the results from human studies. In elderly patients,
Lactobacillus helveticus improved sustained attention and working memory (81). Allen
and colleagues found that Bifidobacterium longum 1714 produced a small but definite
improvement in paired-associate learning (82). In contrast, an 8-week placebo-controlled
intervention in 79 participants with Lactobacillus helveticus and Bifidobacterium longum did
not produce significant alterations in peripheral BDNF (83).

Oxytocin

Oxytocin is a peptide made in the hypothalamus that influences the limbic system and the
cortex (84), as well as being released as a hormone from the posterior pituitary. It has been
shown to contribute to social bonding, energy metabolism and wound healing. It has
a positive impact on social behaviours and improves learning and memory (85-87). It
further enhances the salience of social events, while stressful events can influence oxytocin
release and the connectivity of oxytocin-receptor rich areas of the brain (88).

The probiotic bacterium Lactobacillus reuteri was found to upregulate oxytocin (89).
Additionally, the microbial lysate of Lactobacillus reuteri was found to upregulate endogen-
ous oxytocin levels and improve wound healing in rodent models and humans (17).
Oxytocin is considered a peptide with potential in treating some cases of autism and
depression, and perhaps psychobiotics can be used to mediate such activity.

Modulation of Vagal Tone

The vagus nerve, the long, meandering nerve linking the brain and other organs, provides
bidirectional communication between the gut and the brain. Gut bacteria, such as
Bifidobacterium longum, signal directly from the gut to the brain using vagal pathways. If
the vagal nerve is cut, the central behavioural effects of Lactobacillus rhamnosus are no
longer evident (57). Furthermore, the prebiotic 2’-fucosyllactose does not enhance associa-
tive learning or hippocampal long-term potentiation (LPT) following vagotomy (79) and
Lactobacillus reuteri no longer had an effect on social behaviour in vagotomised mice (90).
In humans, earlier reports show that vagotomy (which was done to treat peptic ulcer
disease) correlated with an increase of psychiatric disorders. Vagal afferents are polymodal
and therefore respond to mechanical, chemical or hormonal signals (91, 92). For example,
the microbial metabolite indole can activate the vagal nerve. Also, Lactobacillus rhamnosus
increases the firing rate of the mesenteric nerve bundle. Different bacterial strains seem to
differentially influence vagal activity. Epidemiological studies in elderly patients who
underwent complete rather than partial vagotomy show a reduced prevalence of
Parkinson’s disease, which supports the view that this disease originates in the gut.

Production of Postbiotics: Short-Chain Fatty Acids and Vitamins

SCFAs, such as butyrate and acetate, are metabolites of microbial fermentation. Many
different phyla produce SCFAs, emphasising that SCFA production has been a consistent
requirement for the co-evolution of host and microbe. The primary source of SCFAs is
indigestible dietary fibre; other sources include the microbial breakdown of proteins and, to
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aminor degree, the consumption of fermented food. Three compounds, acetate, propionate
and butyrate, account for 95% of SCFAs.

SCFAs work peripherally and centrally: in the periphery, they are an energy source for
colonocytes; centrally, they affect G-protein-coupled receptors and behave as epigenetic
modulators by histone deacetylase inhibition (93). SCFAs have psychobiotic action. For
example, Faecalibacterium prausnitzii (ATCC 27766) increases SCFA levels and has dem-
onstrated anxiolytic and antidepressant-like effects (94).

SCFAs can affect the permeability of the blood-brain barrier in concentrations as low as
1 uM. Consequently, the type of bacteria present and the quantity of SCFAs produced are
likely to be of major importance. As well as impacting the blood-brain barrier, SCFAs also
affect the permeability of the gut lining. The intestinal barrier is an enormous interface
where the majority of host-microbe interactions take place with the exchange of molecules
and the priming of the immune system to recognise self and non-self antigens.

An altered barrier function may lead to a ‘leaky gut’, allowing the passage of antigens and
bacterial lipopolysaccharides (LPS) into the bloodstream. This leads to an increase of
proinflammatory cytokines and immune activation. This may be relevant in psychiatric
disorders such as major depression, which often show low-grade inflammation and are
viewed as having a proinflammatory phenotype.

To date, there are no published human trials on the direct effects of SCFAs on psychi-
atric disorders. However, research involving animal models has shown that SCFAs demon-
strate antidepressant-like effects as well as promoting an increase in mitochondrial
function, making them a promising target for future research.

Immune Activation

The gut microbiome has been shown to regulate immune function across the lifespan.
Cytokines, a group of proteins that enable intercellular communication, are set free into the
bloodstream, where they may travel to the brain (95). Usually, cytokines do not cross the
blood-brain barrier but signal across it. Elevated cytokines such as IL-1 and IL-6 also
activate the HPA axis and lead to cortisol release. These pathways may be of particular
relevance in depression (96).

One of the main psychobiotic effects is a reduction of proinflammatory cytokines and an
increase in anti-inflammatory cytokines (97). Psychobiotics such as Bifidobacteria were
shown to switch the cytokine response to an anti-inflammatory state (98). Furthermore,
Bifidobacteria increased anti-inflammatory cytokine IL-10 and reduced proinflammatory
IL-12, and these findings have also been confirmed with another psychobiotic, Lactobacillus
acidophilus (99). In addition, Lactobacillus rhamnosus and Lactobacillus helveticus amelior-
ated cognition deficits and anxiety-like behaviour in a mouse model with an impairment in
the adaptive immune system (100).

The vagal anti-inflammatory loop modulates circulating levels of proinflammatory cyto-
kines. When the vagal reflex is stimulated, macrophages are activated. The gut microbiome
influences T helper cells, regulatory T cells, phagocytes and innate lymphoid cells. Recently, it
was demonstrated that the gut microbiome influences the immune microglia cells in the brain
(101). With reduced bacterial diversity, defects in microglia maturation and microglia
morphology occur together with a compromised immune response to bacterial or viral
infections. An intervention with a probiotic mixture (VSL#3) led to decreased traffic of
monocytes to the brain and subsequently reduced sickness behaviour (102).
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Gut Hormones

As the vagus nerve does not project directly into the gut lumen, its activation is dependent on
chemical signals originating from peptide hormones produced by enteroendocrine cells
(EECs), including peptide YY (PYY), glucagon-like peptide 1 (GLP-1) and cholecystokinin
(CCK). EECs line the gut and sense luminal contents. In response, they release peptides which
act on receptors and vagal afferent fibres connected to the brain. Gut microbes can modulate
the secretion of GLP-1 and PYY, thus regulating the control of food intake. A dietary
supplementation of prebiotics (inulin, GOS and FOS) and psychobiotics (Lactobacillus
strains) was shown to decrease food intake, body weight and glucose tolerance (50). Inulin,
as well as FOS and GOS, increase the production of both GLP-1 and PYY, and certain
Lactobacillus strains stimulate GLP-1 production both in vitro and in vivo.

Conclusions

The field of psychobiotic research is in its infancy. However, over the past 20 years,
numerous animal studies have been published supporting the potential role of psychobio-
tics in treating stress-related psychiatric disorders. Several human intervention studies have
been published replicating many of the animal findings, and it is established that those on
a Mediterranean diet who consume fermented foods have lower rates of depression. To
move the field forward, large-scale, well-powered psychobiotic studies are required at this
stage. If these studies fulfil their promise, it will result in a paradigm shift in psychiatry with
psychobiotics as a potential therapy, especially in milder forms of depression and anxiety.
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Summary

Growing evidence from the field of nutritional psychiatry reveals that diet can
play an important role in the prevention and/or treatment of depression and
possibly anxiety. Healthy dietary patterns, traditional diets such as the
Mediterranean diet and other diets such as the Dietary Approaches to Stop
Hypertension (DASH) diet, and diets with anti-inflammatory potential have all
been studied, with an overall finding of a reduced risk for depression for those
with higher adherence to these dietary measures. However, there are several
limitations to the research to date, many of which relate to the inherent
challenges of studying diet. The exact interplay of mechanisms by which dietary
changes can influence mood is as yet unclear, but the gut microbiome is likely
intricately involved. Several other proposed pathways through which diet can
modify mood include modulation of inflammatory processes, reduction in
oxidative stress and modulation of the hypothalamic-pituitary-adrenal axis
function. Finally, and importantly, recommendations are provided for mental
health clinicians to enable translation of the evidence into practice. Mental health
clinicians are well placed to provide nutrition counselling and to use clinical
judgement in choosing the specific approach that reflects the needs of the patient
but are encouraged to refer to a specialist dietitian where necessary.

Introduction

Growing evidence from the field of nutritional psychiatry indicates that diet can play a critical
role in the prevention and/or treatment of depression and possibly anxiety. The exact
interplay of mechanisms by which diet can influence mood is unclear, but the gut microbiome
is likely intricately involved. Here we describe the diets and dietary patterns that have been
evaluated in research, discuss the range of mechanisms potentially underlying their effect and
critically evaluate the studies that test the effects of dietary interventions on mental health.
Finally, and importantly, we provide recommendations for mental health clinicians to enable
translation of the evidence into practice.

" Thank you to Chantelle Erwin, research assistant from the Food and Mood Centre, for drafting the
figures for this chapter.
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Diets Evaluated in Research

A range of specific diets and dietary patterns have been studied for their potential role in the
prevention or treatment of depressive (and sometimes anxiety) symptoms. This section
presents a description of each diet. Table 5.1 and Figures 5.1 and 5.2 present detailed
information about the composition of the three main dietary approaches described in this
section and how their composition overlaps.

Healthy Diet Pattern

A healthy diet is usually considered to be one that aligns with the national recommended
dietary guidelines. These guidelines are developed based on scientific evidence about
nutrients essential to health and the intake required to prevent nutritional deficiency, as
well as evidence for the intake of specific dietary constituents and reduced risk of chronic
disease. National dietary guidelines evolve over time as scientific nutrition knowledge
expands. In terms of current dietary guidelines, the universal key messages from national
dietary guidelines across the globe are to include plenty of vegetables, fruit and legumes in
the diet and to reduce the intake of foods high in saturated fat, added salt or added sugar (1).

Table 5.1 Major food group serve recommendations for diets that have been evaluated for their role in
improving symptoms of anxiety and/or depression

Food group Healthy Mediterranean DASH diet
diet diet
Daily Fruit 2 >3 4-5
S Vegetables 2.5-6 >2 3-5
Wholegrains 3-6 = 6-8
Dairy 2-3 = 2-3
Olive oil or unsaturated fats 0.5-2 tbs 2-3 tbs 0.4-0.6 tbs
Combined protein(e.g. meat, 2-3 = <2
fish, poultry, meat alternatives)
Weekly Nuts and seeds - >3 3-5
SErves Legumes = >3 =
Fish - >3 -
Poultry - 2-3 -
Red meat = <1 =
Alcohol <10-14 >7 -
Extras 0-3 <2 <5

Data presented for the healthy diet is based on national dietary guidelines for the UK (118), USA (119) and
Australia (AUS), for the Mediterranean diet from the seminal PREDIMED trial (120), and for the Dietary Approaches
to Stop Hypertension (DASH) diet as outlined in the dietary guidelines for the USA (119). Recommended food
group servings vary for a healthy diet due to nutrient needs based on age, gender, activity level and weight.
Portion sizes varied across all three diets (e.g. 1 serve fruit = 80 g fresh fruit in UK, 150 g or 1 medium piece in AUS).
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Food group Pictorial Food group Pictorial
Example Example

1 serve = approx. 1 serve = approx.

1 cup or 1 fist 1 cup (raw) or 1 fist

Fruit Vegetables
1 slice bread or 1 palm 250mL or 1 cup
i - -2
Wholegrains Dairy r
20mL or 1 tablespoon 100g or 1 hand
Olive oil or @) Combined
unsaturated protein
fats

30g or 2 tablespoons Y2 cup or 1 cupped

E hand
Nuts and

seeds Legumes %

100g (cooked) or 1 80g (cooked) or 1 palm
hand

Fish @ Poultry ;

1259 (cooked) or 1

palm
Red meat E‘ i

Figure 5.1 Serve size recommendations for key food groups outlined in Table 5.1.

In research, the ‘healthiness’ of a person’s diet is often rated using a specific validated
diet quality index, such as the Healthy Eating Index (HEI) (2) or versions thereof (e.g.
alternate HEI). Practically speaking, the diet quality score is calculated through diet
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Mediterranean Diet

vL

Alcohol
(in moderation)

Healthy Diet DASH Diet

Figure 5.2 Unique and shared characteristics of three diets investigated for their effect on anxiety and depression.
This provides a summary of the overlap between the diets that have been investigated. Foods and food groups are
presented once each either as ‘shared’ in the centre of the figure (i.e. recommended in similar quantities across diets)
or ‘unique’ in the periphery (i.e. recommended in higher or lower quantities than the other diets). Alcohol, nuts and
seeds and olive oil are among the food groups that differentiate the diets the most.

assessment by a food frequency questionnaire or diet record, followed by numerical scoring
of several components according to specific scoring criteria (i.e. food groups and nutrients
considered important to health and embedded in dietary guidelines), which are summed to
provide a total score. A higher score represents a higher-quality diet. For example, compo-
nents that positively contribute to the HEI-2015 score are vegetables, greens and beans, total
fruit, whole fruit, wholegrains, dairy total protein foods, seafood, and plant proteins.
Another method applied in nutrition research is to use statistical methods to identify
empirically derived dietary patterns using principal component analysis or cluster analysis.
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This is often used in observational research to describe individuals’ intakes of particular
dietary patterns, often characterised as ‘healthy’ or ‘prudent’ and ‘Western’ (high in satur-
ated fat and sugar). In practice, healthy eating tests are available online and may be useful for
mental health clinicians to screen the diet quality of individual diets (3, 4). For research,
a diet quality tool validated in the target population or principal component analysis based
on comprehensive dietary assessment is recommended (5).

The Mediterranean Diet and Other Traditional Diets

The Mediterranean diet is an extensively researched traditional dietary pattern shown to
have wide-ranging health benefits including reducing the risk of cardiovascular outcomes,
obesity and diabetes. The dietary pattern originated from nations in the Mediterranean
regions including Greece, Cyprus, Spain and southern Italy and, as a result, there are several
variants based on the local food availability, preferences and culture within each region (6).
The traditional Cretan Mediterranean diet was the first diet variant to be established as
protective for health and the basis for the principles of a traditional Mediterranean diet. This
diet is characterised by a high intake of vegetables, legumes, fruit, wholegrains, nuts and
seeds, a moderate to high intake of fish, a low intake of meat, olive oil as the principal source
of added fat and moderate consumption of wine with meals (Figure 5.2).

Other behavioural recommendations are also key to the Mediterranean dietary pattern,
including eating slowly without distraction, sharing meals with others, incorporating
seasonal and local products and including regular physical activity (7). Successful adoption
of the Mediterranean diet by non-Mediterranean populations is possible. Most studies
demonstrating take-up of the diet in non-Mediterranean communities use an intensive
dietitian-led approach incorporating regular support and written resources. Challenges
such as the accessibility of Mediterranean foods, cultural barriers, religion and cost may
be prohibitive of adoption and/or long-term adherence in some individuals. Cultural
adaptation of the Mediterranean diet while maintaining its core elements may enhance
adherence at a population level, but whether a modified approach leads to the disease
prevention associated with a traditional version is unknown.

A range of validated scores have been used to measure adherence to a Mediterranean diet
in the published literature. Several newer scoring systems recommended for use in research
and practice (8) include relatively brief validated questionnaires such as the Mediterranean
Diet Serving Score (MDSS) (9) and the Mediterranean Diet Adherence Screener (MEDAS)
(10). These scores are calculated by summing individual dietary component scores, with
a higher final score representing better adherence to a Mediterranean diet. For example, in the
MDSS if an individual consumes at least one to two serves of nuts per day, they are allocated 2
points, if they consume fewer than two serves of red meat per day, they are allocated 1 point,
and so on, with a maximum score of 24.

Other traditional dietary patterns with a growing evidence base for their health benefits
include the Nordic diet, traditional Brazilian diet and traditional Japanese diet/Okinawa
diet. The Nordic diet has similar ‘plant-based” principles to the Mediterranean diet but
focusses on rapeseed (canola) oil instead of olive oil. The traditional Brazilian diet has soy or
corn oil as the predominant oil and includes rice and beans in main meals with small
portions of red meat. The traditional Japanese diet is rich in rice, vegetables, soy products
(e.g. soybeans and tofu), seafoods and fermented products such as miso and natt6. Similar to
the Mediterranean diet, the Nordic and traditional Japanese diets can be evaluated by short
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tools (indices) created to measure adherence for research and in clinical practice. One
example is the Healthy Nordic Food Index, which assigns a total score between 0 and 6
points based on (1 point per category): fish, root vegetables (carrots and swede), cabbage
(including broccoli and cauliflower), apples/pears, wholegrain bread and breakfast cereals
(oatmeal).

DASH Diet

The Dietary Approaches to Stop Hypertension (DASH) diet is a healthy diet pattern
originally developed for the treatment of hypertension. It has demonstrated benefits for
reducing the risk of cardiovascular disease (11). It encourages low salt intake and increased
intake of foods rich in potassium, calcium and magnesium. It emphasises fruit, vegetables,
wholegrains, nuts, seeds, legumes, low- or no-fat dairy products and lean meat. The DASH
diet score considers eight components, where fruit, vegetables, legumes and nuts, whole-
grain, and low-fat dairy contribute positively and meat, sodium and sweet beverages
contribute negatively to the total score.

Anti-Inflammatory Diet

Many chronic, non-communicable diseases, including depression, are associated with
chronic, low-grade, systemic inflammation. The exploration of known sources of inflam-
mation including psychosocial stress, poor diet and physical inactivity suggest that
inflammation at least partly mediates the risk and progression of these chronic diseases
(12). Intake of a range of specific foods, nutrients and dietary constituents has been
associated with lower levels of systemic inflammatory markers such as interleukins (IL):
IL-1pB, IL-4, IL-6 and IL-10, tumour necrosis factor, and C-reactive protein, and have
therefore been described as having anti-inflammatory potential. For example, some
studies of the Mediterranean-style diet, vegetarian/vegan and DASH diets have been
associated with lower levels of inflammation (13). Conversely, increased intake of foods
and nutrients characteristic of a Western-style diet, including foods high in sugar or
saturated fat, can increase inflammatory markers (14). The Dietary inflammation Index
(DII) is a literature-derived tool that attempts to encapsulate these disparate data (15).
The DII scores an individual’s diet through assessing intake of 45 foods, nutrients and
bioactive components in the diet that have been associated with anti- or proinflammatory
outcomes. Inflammatory effect scores from the literature are weighted according to study
design (i.e. human studies weighted higher than in vitro studies). Examples of components
that positively contribute to reducing the inflammation score include the macronutrients
fat and carbohydrate, bioactive components such as flavanols, and foods such as ginger,
garlic and onion.

Mechanisms through which Diet Influences Depression

The relationship between diet and mental health is multifaceted and complex. In part due to this
complexity, as well as the relative recency of the field of nutritional psychiatry, studies examining
the mechanisms for dietary impacts on mental health are still limited, much of the mechanistic
research has been conducted in animal models or is restricted to the examination of specific
dietary components in humans. However, there are several strong candidate mechanisms,
discussed in the following sections, all of which are likely to interact with each other.
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Gut Microbiome

The community of microorganisms that live within the gastrointestinal tract, known as
the gut microbiome, is critical to human health. In particular, the gut microbiome plays
a vital role in human digestion, extracting nutrients from foods and directly producing or
stimulating production of a range of bioactive metabolites in the process (16). These
include short-chain fatty acids (SCFAs), vitamins and several neuromodulators (e.g.
serotonin, gamma-aminobutyric acid, catecholamines and acetylcholine (17)). Microbial
production of neuroactive metabolites represents just one pathway in the complex set of
bidirectional lines of communication between the microbiome and the brain, known as the
microbiome-gut-brain axis, which also includes the vagus nerve, intestinal barrier and the
immune system (Figure 5.3, also discussed in detail in Chapter 2 of this volume).

Gut Microbiome Is Altered in Depression

Several studies have now demonstrated that the microbiome is altered in clinical depression
and anxiety, and some show abundances of certain microbiome members (or ‘taxa’) are
correlated with symptom severity (see 18, 19 for systematic reviews). While there is
substantial variability in the exact differences reported across studies, there are some
consistent patterns. For example, there is consistent upregulation of several taxa with
inflammatory properties, such as the opportunistic pathogen Eggerthella (18-20). These
findings are in keeping with the literature described later on the role of inflammation in
mood and anxiety disorders, as well as a growing understanding that the immune system
functions as one of the key routes of microbiome-gut-brain communication. Moreover,
several reviews have identified downregulation of taxa with anti-inflammatory properties or
SCFA-producing capabilities in anxiety and depression (18-20). SCFAs, such as butyrate,
are one of the products of microbial fermentation of indigestible carbohydrates (i.e. dietary
fibre) and are involved in a range of pathways within the microbiome-gut-brain axis,
including modulation of intestinal barrier permeability and immune function (21).

Diet-Induced Microbiome Modulation

The microbiome is highly responsive to changes in diet. For example, with extreme
whole-diet alterations, such as switching to an animal-based (high-fat, high-protein,
low-fibre) diet, significant changes in the microbiome are possible within a single day
(22). Most observational studies of the Mediterranean diet report significant differences in
the microbiome compared with controls, although the exact differences are inconsistent
across studies (23). Intervention studies have found limited effects of the Mediterranean
diet in shifting the microbiome, but this may be partly explained by inconsistent treat-
ment adherence and variability in the initial diet and microbiome (23). Many other
studies of whole-diet interventions and restriction of or supplementation with specific
dietary components (e.g. fibre, food-based probiotics) have revealed changes in the relative
abundance of key microbial taxa (24, 25).

Diet-Induced Microbiome Modulation and Behaviour

In animal studies, whole-diet interventions lead to changes in the microbiome together
with altered behavioural outcomes. For example, a study in mice (26) demonstrated that
a high-fat diet induces changes in the faecal microbiome that correlated with increased
anxiety-like behaviour, supporting the idea that the microbiome may mediate diet-induced
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Figure 5.3 The three major pathways through which the microbiome interacts with the brain (endocrine, immune
and neural).

changes in behaviour. Studies testing this hypothesis in humans are relatively scarce.
A randomised controlled trial (RCT) of participants with obesity found that 16 g/d
prebiotic inulin supplementation combined with a high-fibre diet for 3 months had limited
effects on mood overall (27), in keeping with the findings of a systematic review of
prebiotics for anxiety and depression (28). However, an exploratory analysis showed the
treatment improved mood in a subset of participants who had higher baseline depression
scores (27). The responders also exhibited an inflammatory profile and elevated levels of


https://doi.org/10.1017/9781009299862.006

80 Heidi M. Staudacher et al.

Coprococcus in the faecal microbiome at baseline, supporting the key role of the micro-
biome in the mood response to dietary fibre supplementation. However, another study in
healthy individuals demonstrated fibre supplementation with polydextrose for 4 weeks did
not alter mood, although cognitive flexibility was improved compared with placebo (29).

Inflammation

Immune activation and associated inflammatory processes are perhaps best known for their
role in maintaining physical health in response to injury or infection. However, psycho-
logical stress also elicits an inflammatory response, including elevation of cytokines (30),
and this relationship is bidirectional - inflammatory processes can affect mood and psycho-
logical function (12). Multiple lines of evidence support the importance of inflammation in
the pathophysiology of depression and anxiety in humans. Inflammatory cytokines are
commonly elevated in individuals with depression and anxiety (31, 32). Cytokines are also
associated with treatment response in both anxiety and depression, cytokine levels decrease
with successful treatment while higher baseline levels predict poorer treatment outcomes
(33, 34). Moreover, anti-inflammatory treatments can reduce depressive symptoms (see 35
for a meta-analysis, noting the high risk of bias in reviewed studies), whereas medical
treatments involving administration of inflammatory cytokines (immunotherapy) induce
depressed mood (e.g. 36). Notably, the onset of such cytokine-induced depressive symptoms
can be delayed by concurrent treatment with omega-3 fatty acids (37).

From a dietary point of view, several nutrients have anti- or proinflammatory effects. For
example, omega-3 fatty acids eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA)
(naturally occurring in oily fish) and polyphenols (phytochemicals present in many foods,
including blueberries, cocoa and curcumin) have anti-inflammatory properties (38, 39). On
the other hand, a diet rich in refined carbohydrates and trans-fats but low in plant foods is
considered proinflammatory and is also associated with current and future risk of depression
(40, 41). Conversely, the Mediterranean diet has been shown to prospectively reduce inflam-
mation in both observational studies and clinical trials (42). Such diet-induced changes in
inflammatory state are likely to interact with many of the other mechanisms discussed in this
section. The immune system is considered a key component of the gut-brain axis, exhibiting
a bidirectional relationship with the microbiome, as described earlier (43).

HPA-Axis Stress Response

The hypothalamic-pituitary-adrenal (HPA) axis is better known as the body’s main stress
response system. In healthy individuals, perceived threats stimulate HPA-axis activity,
ultimately leading to the release of glucocorticoids (cortisol in humans, corticosterone in
rodents). These stress hormones prepare the body to take action in response to threat.
However, chronic stress and persistent glucocorticoid release can have neurotoxic effects,
leading to hippocampal atrophy and dysregulation of the HPA axis (44). Such dysregulation
is observed in the form of aberrant glucocorticoid responses across a range of psychological
conditions, including depression and anxiety (45). Importantly, at least some aspects of
HPA-axis function are normalised in patients who respond to pharmacological treatments
for anxiety and depression (45).

Diet can impact on the HPA axis in several ways. Firstly, HPA-axis activity is
dependent on energy availability, with food restriction shown to dampen HPA-axis
responsiveness to acute stress in humans and rodents (46). Secondly, specific nutrients
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can regulate HPA-axis function. For example, one RCT in healthy adults demon-
strated high-dose (3 g/d) ascorbic acid (vitamin C) reduces subjective stress ratings
and leads to faster cortisol recovery after an acute stressor compared to placebo (47),
while animal studies and small studies of healthy humans have found that omega-3
fatty acid supplementation dampens HPA activity compared with baseline or placebo
(48-51). How diet might alter HPA-axis signalling remains unclear, but the HPA-axis
involvement in gut-brain signalling has led to hypotheses that there may again be
a microbial involvement in this process.

Oxidative Stress

Chronic psychological stress not only disrupts HPA-axis function but also promotes
oxidative damage, which is linked to a variety of disease states. Indeed, elevated markers
of oxidative stress have consistently been reported in anxiety and depression (52, 53).
Successful antidepressant treatment is associated with a reduction in oxidative stress
markers (serum and red blood cell malondialdehyde) (53), suggesting oxidative stress is
important in the pathophysiology of depression.

With regards to diet, specific nutrients with antioxidant properties (e.g. ascorbic acid,
selenium, zinc, cysteine, polyphenols) have been associated with reductions in oxidative
stress in cell culture and animal studies (54, 55). In contrast, a high-fat Western-style diet
increases oxidative stress markers in serum and rodent brains (56, 57). In humans, dietary
antioxidant intake has been associated with reduced depression (e.g. 58). There is also some
emerging evidence that antioxidant compounds can have antidepressant and anxiolytic
properties in different clinical populations (e.g. major depression, obsessive-compulsive
disorder and generalised anxiety disorder (59, 60, 61)).

Tryptophan Metabolism

Tryptophan is an essential amino acid that is synthesised into several important neuroactive
catabolites, including serotonin and kynurenine. Kynurenine production is important not
only because it occurs at the expense of serotonin production but also because kynurenine is
further metabolised into other neuroactive compounds such as the neuroprotective kynure-
nic acid and the neurotoxic quinolinic acid. A higher kynurenine to tryptophan ratio paired
with a decrease in the kynurenic acid to kynurenine ratio in major depression is consistently
reported (62), alongside elevation of quinolinic acid levels in untreated depressed patients
(63). Tryptophan is derived from a variety of dietary proteins (e.g. meat and fish, seeds, nuts,
dairy). However, the relationship between diet and plasma tryptophan is complex and
manipulating tryptophan levels via dietary means is difficult (64). Tryptophan metabolism
is related to several other mechanisms discussed herein, with the microbiome playing a key
role in tryptophan degradation.

Brain-Derived Neurotrophic Factor and Neurogenesis

Brain-derived neurotrophic factor (BDNF), the most abundant neurotrophin in the brain, is
essential for the growth, differentiation, maintenance and survival of neurons. Supporting its
role in the pathophysiology of depression, lower levels of serum BDNF have been reported in
many studies of patients with major depression (65) and increased expression of BDNF has
been implicated as one of the mechanisms underlying antidepressant drugs (66). Intriguingly,
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data from animal and human studies shows that diet has a role in modulating hippocampal
volume and influencing circulating BDNF. From animal models it is clear that specific dietary
components, including polyphenols, preserve hippocampal neurogenesis, whereas a Western-
style diet impairs neurogenesis and lowers hippocampal BDNF levels (67). From human
observational data, a healthy diet is associated with a larger hippocampal volume (68).
Improvements in BDNF levels have also been reported in individuals with baseline depression
after 3 years of dietary intervention. Although only a small sub-group analysis,
a Mediterranean-style diet supplemented with 15 g each of walnuts and almonds per day
led to higher circulating BDNF concentration compared with controls who followed
a standard low-fat diet (69). The mechanisms by which diet influences neurogenesis are likely
through direct and indirect pathways (i.e. via the microbiome) (67).

Obesity

The relationship between obesity and anxiety and depression is bidirectional and complex.
Individuals with obesity are at higher risk of depression and obesogenic diets in rodents increase
anxiety-like behaviour (70). Furthermore, individuals with depression are at higher risk of
obesity (71). Obesity and mood disorders also share a series of clinical, neurobiological, genetic
characteristics, including higher levels of inflammation and related cytokines. Abnormalities in
HPA-axis regulation and reduced concentration of neurotransmitters involved in regulating
neurological reward circuitry (e.g. serotonin) in response to diet may also be important (67).
However, the nature of the association between obesity and mental disorders remains poorly
understood. Importantly, it is possible to reduce depressive symptoms through dietary inter-
vention in the absence of caloric restriction and weight change (72). Negative attitudes about
weight can interfere with positive lifestyle change and weight stigma has been shown to
contribute to longitudinal weight gain (73). Therefore, the goal of dietary intervention should
be to improve diet quality and physical health rather than reducing excess bodyweight.

Overall, it is clear that the mechanisms for diet-mental health interactions are varied,
complex and mostly interdependent (Figure 5.4). The data suggests that the association is
prospective (i.e. that diet quality predicts depression incidence) rather than the reverse. This
should provide hope regarding the potential utility of dietary interventions for treating
depression and anxiety.

Evidence for the Efficacy of Diet Interventions in Depression
and Anxiety

Healthy Diet

There is a growing body of evidence demonstrating that a healthy diet can reduce the risk or
treat symptoms of depression. A 2021 synthesis of prospective observational research
identified adherence to a healthy diet (based on the alternate HEI (AHEI) score) or
a healthy diet based on diet pattern analysis was associated with a reduced risk of depres-
sion. This included evidence from 12 studies and over 150,000 individuals (74). A similar
2019 synthesis that also included cross-sectional studies showed HEI or AHEI diet quality
indices were inversely associated with prevalence of depression (75). The strength of the
evidence from these studies needs to be interpreted in the light of some challenges. The
‘healthy diet’ defined in studies using dietary pattern analysis was heterogeneous and
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Figure 5.4 Major candidate mechanisms by which diet can impact on mood.

depended on the background culture and preferences of each population. Most studies
make appropriate adjustment for confounders (e.g. physical activity, smoking).

Clinical trials in this area have also been conducted, providing important evidence that
a healthy diet has a causal role in improving depressive symptomatology. In a 2019 review, 9
trials including a total of nearly 1,000 individuals evaluated the effect of increasing the healthi-
ness of the diet on improving depressive symptoms (76). Most trials included participants with
non-clinical depression and comorbidity such as obesity, diabetes or elevated cholesterol, and
only one study included a clinically depressed participant group. Generally, participants were
provided advice in line with healthy eating principles, some were provided practical advice on
meal preparation and developing shopping lists, some used cooking demonstrations and some
trials provided food for participants to enhance adherence. Overall, there was a small effect size
for the effect of healthy eating interventions on reducing depressive symptoms. Interestingly,
across all interventions, those that were delivered by registered dietetic/nutrition professionals
were most beneficial for reducing symptoms of depression and anxiety. Because of the totality of
the evidence thus far, healthy eating advice is beginning to be incorporated into lifestyle advice in
clinical guidelines for mood disorders (77).

Traditional Diets: Mediterranean Diet

The Mediterranean diet has a strong evidence base for the prevention and treatment of
depressive disorders. The pooled effect of four longitudinal studies with a mean follow-up
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period of approximately 10 years found a 33% risk reduction in the development of
depression across the studies for the highest compared to the lowest Mediterranean diet
adherence categories (75). To test whether modifying a person’s diet so that it is more
aligned with the Mediterranean diet is effective in preventing the development of
a depression disorder, a multicentre, 2x2 factorial 1-year RCT was run with >1,000 people.
The intervention groups included food-related behavioural activation therapy, conducted
by a psychologist, based on the Mediterranean diet and multi-nutrient supplementation
(together and in insolation), and the control groups received placebo and no therapy (78). In
the primary analysis there was no difference in incident depression between groups,
however, diet adherence scores improved only marginally in the behavioural activation
groups, and therefore the role of actual dietary changes in improving depressive symptoms
is unclear. After accounting for food-related behavioural activation therapy adherence,
there was a significant effect, indicating that further studies should be conducted (78).

Stronger and more consistent evidence has been found for the Mediterranean diet when
used adjunctive to usual care (pharmacological and psychological treatments) in people
with clinical depression (79-83). The 2017 ‘SMILES’ 12-week parallel group (n=56 adults)
trial found a dietitian-delivered, modified Mediterranean diet intervention — based on the
dietary guidelines for adults in Greece and the principles from the PREDIMED study but
using the Australian dietary guidelines for relevance to the Australian population - was
superior to a social support group in reducing depressive symptoms, with remission being
achieved in 32% of the Mediterranean diet group compared to 8% in the social support
group (79). The ‘HELFIMED’ trial (n=152 adults) found very similar results in a 6-month
study with a social group control (80), whereby intervention participants received
a nutrition education workshop and then six group cooking classes supplemented with
take-home food hampers over the first 3 months, and fish oil capsules (900 mg DHA and
200 mg EPA per day) over the entire 6-month period (80). In both trials, improvements in
Mediterranean diet adherence scores aligned with reductions in depressive symptoms
(80, 81) and were found to be cost effective (82, 83). These results have translated to younger
population groups as well. A 12-week (n=72) parallel group trial (Mediterranean diet vs.
befriending therapy control) in young males (18-25 years) (84), and a brief 3-week trial of
diet modification (focussed on national dietary guidelines with additional recommenda-
tions in line with the Mediterranean diet) in young adults (17-35 years) (85), both found
a greater reduction in depressive symptoms in the Mediterranean diet group.

Other studies are now evaluating other cost-effective, scalable options using tech-
nology to reach a larger population, including those who can be difficult to reach and
at times when face-to-face intervention is not possible. A single-arm cohort design
study demonstrated it was feasible and acceptable to deliver an 8-week smartphone
intervention to people with elevated depressive symptoms and increased adherence to
the Mediterranean diet correlated with reduced depressive symptoms (86). Further,
a 2-year, multicentre, RCT using remote intervention (phone call and web-based
intervention) demonstrated increased adherence to the Mediterranean diet in people
with depression (87).

There is reasonable consistency in the observational evidence (seven of nine studies
assessed in a 2022 review) for the Mediterranean diet being protective against anxiety (88),
but intervention studies in people with anxiety disorders are lacking.


https://doi.org/10.1017/9781009299862.006

Diet Interventions for Anxiety and Depression 85

Other Traditional Diets

The beneficial effect of traditional diets on depression may not be limited to the
Mediterranean diet, but there is less evidence for other traditional dietary patterns. For
example, a cross-sectional study of 521 Japanese men and women aged 21-67 years found
a 56% risk reduction for depressive symptoms in the highest tertile of Japanese diet
adherence compared to the lowest tertile (89). In a 12-week randomised trial, 149 people
with severe obesity in Brazil were randomised to one of three groups: (i) 52 ml/day of extra
virgin olive oil (EVOO), (ii) traditional Brazilian diet or (iii) traditional Brazilian diet with
52 ml/day of EVOO. There was a significant reduction in the depression and anxiety scores
in all three groups from baseline to the end of the study and, again, bodyweight change did
not influence the results (90). A small (n=16) randomised trial found that the Nordic diet as
a treatment for depression is feasible and well accepted (91), providing a platform for larger
efficacy trials.

DASH Diet

The DASH diet has predominantly been studied for its clinical benefits for hypertension and
cardiovascular disease and is recommended in clinical practice guidelines for cardiovascular
disease reduction (11). The overlapping pathophysiologies of hypertension and depression
(e.g. hyperactivation of the HPA axis, oxidative stress, low-grade inflammation) spurred
interest in examining whether the DASH diet might have a protective role for mood
disorders. Several cross-sectional studies have investigated whether adherence to a DASH-
style diet is associated with lower odds of depression and anxiety (92, 93). After controlling
for potential confounders, this association was significant for anxiety but not for depression
in individuals who were overweight or obese in one study of Iranian adults (92). Others only
found a positive association between DASH diet adherence and a World Health
Organization-developed well-being score (93). A large prospective study of the Spanish
Seguimiento University of Navarra (SUN) cohort showed a moderate relationship between
four DASH diet indices and depression risk over 8 years of follow-up (94), in contrast with
their clearer inverse relationship between the Mediterranean dietary pattern and depression
in the same cohort (95). Adding to the relative limited evidence in the observational
research, only one RCT to date has studied the DASH diet and its effect on depressive
symptoms. The 14-week study in 111 postmenopausal women failed to show an effect of the
DASH diet on depressive scores compared with a healthy diet that had lower targets for fruit
and vegetable intake (96). Overall, to date there is insufficient evidence that the DASH diet
has a role in the prevention or treatment of depression.

Anti-Inflammatory Diet

People with depressive disorders appear to have dietary intakes with higher inflam-
matory potential based on DII scoring. An analysis of 68,879 people from the baseline
phase (2007-10) of the UK Biobank study found DII scores were significantly higher
for people with major depression compared to people without a serious mental illness
after adjusting for a range of confounders (41). Evidence from 11 observational studies
including >100,000 people demonstrated that a proinflammatory diet was associated
with 1.4 times higher odds of having/developing depression in the future (97).
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Similar to other dietary patterns or approaches, data for the role of dietary inflammation
in anxiety disorders is limited. A study of 2,047 adults found that a proinflammatory diet is
associated with 1.6 higher odds of having/developing anxiety (98). However, the direction of
effect is unclear given the cross-sectional nature of the study.

The DII scoring requires measurement of an individual’s intake of 45 specific foods (e.g.
garlic, turmeric), nutrients (e.g. fat) and bioactive compounds (e.g. quercetin). Together
these foods and nutrients would not constitute a nutritionally adequate diet, meaning it is
impractical to translate this into guidance on how to follow an ‘anti-inflammatory diet’ (and
hence why this approach is not included in Table 5.1 or Figure 5.2). This contrasts with
other dietary approaches (e.g. Mediterranean and DASH diets) in which specific portion
recommendations for foods and beverages are made. Evidence on anti-inflammatory diets
to date has therefore relied on post hoc analysis of individuals’ diets and exploring associ-
ations with health outcomes.

Limitations to the Research

There are a range of limitations to the research to date that evaluates the role of diet
in treating or preventing depressive symptoms. A considerable proportion of inter-
vention research has been conducted either in general-population samples or clinical
samples with a primary physical health condition rather than in samples of people
with a diagnosis of a depressive or anxiety disorder. Where individuals with
a depression diagnosis are included, depression screening tools are generally used
for participant selection rather than psychiatrist assessment, meaning findings cannot
always be assumed to be generalisable to those with a clinical diagnosis. Additionally,
response bias due to recruited participants having a high level of motivation and
interest in lifestyle means that research may not represent findings relevant to
a broader population group. Therefore, interventions that appear feasible and effective
in initial trials may be less promising when scaled up to reach a larger proportion of
the clinical population.

Other factors challenge synthesis and interpretation of studies. There is large
heterogeneity of the instruments used to measure depressive symptoms and methods
used to measure dietary intake or adherence to specific dietary patterns. Particularly
relevant for observational studies, many studies measure dietary intake at a single
timepoint, which is unlikely to truly reflect individuals’ variability in eating behaviour
over time. Diet intervention trials differ in the mode of delivery (e.g. verbal vs. written
advice, who provides advice, use of food hampers) and intensity (frequency and number
of appointments) of the diet interventions, blinding and controls used, hence there is
a possibility of expectation bias. Finally, many intervention studies are short term (e.g. 12
weeks) and lack longer-term follow-up. Therefore, the ability of individuals to maintain
adherence to diet interventions and their long-term effectiveness remain unclear.

Research Recommendations

Enhancing diet quality is one of a suite of lifestyle changes that can improve symptoms of
depression. Future trials need to not only disentangle the effects of individual lifestyle
components but also explore whether a combined intervention model (e.g. diet plus exercise
intervention) is superior. Further, the efficacy of dietary modification as a sole intervention,
given published studies rarely restrict the use of psychotropic medications, is still to be
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confirmed. The literature is also biased towards participants coming from high-income
countries. The role of dietary modification is less clear in low- and middle-income countries
where the rates of food insecurity can be considerably high and access to more traditional
mental health care is already strained.

Symptoms central to depressive and anxiety disorders can often challenge recruitment
to studies as well as engagement and adherence to behavioural interventions. Recruitment
strategies should therefore aim to include a diverse range of participants, or at least clearly
define the sample group when publishing findings.

The heterogeneity and generalisability of diet intervention delivery require consider-
ation. Some elements, such as the provision of food hampers, are unlikely to be feasible
when scaled to real-world implementation. Further, a better understanding of the intensity/
frequency of counselling and efficacy of different delivery modes (e.g. face-to-face individu-
alised, group, combination, telehealth or online delivery) is needed. Ideally, future trials
should evaluate modes of delivery that are easily adopted and delivered at scale, and the
mode of delivery and diet composition should be clearly specified.

Individuals with depression and anxiety are a heterogeneous population. Patients
experience a variety of symptoms and levels of acuity, with the potential for differing
triggers, different treatment approaches and associated comorbidities. This is an important
consideration as the efficacy of different treatment approaches may not be equal across all
people, for example, reducing inflammation may only be beneficial to the sub-group of people
with depression and/or anxiety who have elevated inflammatory markers. Identification of
specific biopsychosocial predictors for diet intervention will be an important step forward.
Future long-term trials (6-12+ months) are needed to evaluate the intensity of longer-term
intervention required to sustain clinically meaningful improvements.

Application to Practice

In the previous sections, we have reviewed various diets and dietary styles, including what
constitutes a ‘healthy diet’, Mediterranean-style diet, DASH diet and low-inflammatory
diet. In this section, we will review the two main modes for delivering dietary advice (face
to face and virtually), discussing various aspects and considerations of these in practice.
We will also unpack the main factors that should be considered for successful engagement
with an individual with regards to diet. However, we encourage application of clinical
judgement in choosing a specific approach that reflects the needs of a patient and available
resources.

Practical Recommendations for Dietary Assessment and Counselling

Dietitians consider a range of clinical, physical, mental and social factors throughout the
nutrition care process, and many of these are important for successful patient engagement.
Commonly, the nutrition care process comprises several steps including assessment of
dietary intake and behaviour, discussion and identification of the issues to be addressed,
provision of information (counselling) and evaluating dietary changes that have been
implemented (Figure 5.5). Although many individuals will benefit from dietary counselling
by their mental health clinician, there are some groups of individuals that should be referred
to a dietitian. For example, those with eating disorders and disordered eating should be
referred to a specialist dietitian. The prevalence of disordered eating is up to 32% in younger
individuals and is more prevalent in those with mental health problems (99). Individuals


https://doi.org/10.1017/9781009299862.006

88 Heidi M. Staudacher et al.
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ensure consistency in approach and follow-up
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achievements). Engage in a long-term
commitment to improvement.

Figure 5.5 Recommendations for the dietary counselling process to facilitate dietary change.

who are young, pregnant or elderly, and those with additional nutrition needs (e.g. comor-
bid disorders such as gastrointestinal disorders or type 2 diabetes), should also be referred to
a dietitian for their nutrition care (Figure 5.6).

An important first step in the nutrition care process for any clinician seeing individuals
with anxiety or depression is the assessment of dietary intake and dietary behaviour. For
a clinician not trained in nutritional assessment techniques, this conversation could start
with simple questions, such as ‘How many meals and snacks do you usually eat per day?,
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Figure 5.6 Stages in the nutrition care process for mental health clinicians. Referral to a dietitian can occur at any of
the four stages.

‘What do you usually eat for breakfast/lunch/dinner?’, ‘Do you cook and eat at home?’ or
‘How would you describe your usual food intake?’. Initiating a discussion around food and
eating will also help to provide some understanding about an individual’s knowledge of
nutrition and its importance to the individual.

Second, identifying the main barriers for healthy eating is needed to construct a patient-
centred plan and to identify the support the individual needs to achieve their nutrition goals.
An understanding of the typical side effects of common mental disorders is integral (e.g.
altered appetite (reduced or cravings), apathy, low motivation, impaired concentration and
memory) to ensuring that recommendations are provided in a sensitive manner and are
respectful of individual needs.

Third, to facilitate dietary behaviour change, psychoeducation and evidence-based
resources should be provided. Dietary information should be given in bite-size format
and take into consideration the individual’s learning styles, baseline knowledge and beliefs
and motivations, and readiness to receive education. Importantly, motivation and readiness
to change can be highly variable and should be assessed in each session. When the individual is
ready, focussing on small, attainable and value-based goals will build motivation and
self-capacity for change. For example, providing practical tips for cooking and preparing
meals and snacks may be warranted, with a large emphasis on forward planning (e.g.
developing shopping lists, stocking the home and preparing meals in advance) for times
when a patient may experience further lowered mood. Moreover, to support dietary adherence,
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recommendations should align with common cravings. For example, nutritious foods can be
encouraged that address cravings for sugary foods such as Greek natural yoghurt with walnuts,
honey and fruits (frozen, fresh, tinned and/or dried), salty and fatty foods such as nuts, olives
and feta cheese, and liberal use of EVOO as a main source of added fat.

Lastly, through reflective practice, evaluating outcomes and identifying helpful strat-
egies that facilitated change will assist the clinician in fine-tuning their dietary assessment
and counselling skills (100).

Clinical Considerations in Dietary Counselling

Individuals with anxiety and depression commonly present with other forms of mental
illness and behaviours. Adding to this, exposure to traumatic events is ubiquitous world-
wide and has a well-established deleterious impact on health. For example, globally it is
estimated that over 70% of adults have experienced a traumatic event at some point in their
life (101). Hence, clinicians should consider using a trauma-informed care approach among
patients with mental illness. Trauma-informed care builds awareness and increases clinician
confidence in supporting patients who have experienced trauma and/or are experiencing
high levels of stress, to enable them to respond in an effective, patient-centred manner (102).
Additionally, trauma-informed care involves the clinician being in tune with their own
nervous system so that the clinician can work safely within their own capacities.

Moreover, depression and anxiety often co-occur with a variety of other clinical condi-
tions (e.g. cardiovascular disease, metabolic syndrome, type 2 diabetes). Many of these are
also responsive to specific dietary intervention. There is strong evidence that diet interven-
tions for depression (i.e. the Mediterranean and DASH diets) also achieve improved health
outcomes, at least for cardiovascular disease and diabetes (103), and therefore there is
potential for dietary counselling to address both mental and physical health conditions in
the same individual.

Importantly, where other comorbidities are present, a weight-neutral approach is
critical (i.e. a focus on health behaviour change rather than weight loss) (104), and evidence
demonstrates that improvements in depressive symptoms (and physiological health) can
occur without weight loss (105). Weight stigma and negative attitudes about one’s body-
weight hinder positive changes, create unnecessary pressure and can promote unhelpful
lifestyle behaviours, such as poor eating behaviour and low motivation (106), and can
essentially exacerbate mental disorders Moreover, for people who live in larger bodies,
weight stigma has been suggested to contribute to an increase in BMI over time (73).

Social Considerations in Dietary Counselling

Individuals living with mental illness commonly experience high rates of unemployment or
missed days at work and therefore may lack adequate finances to access food or nutrition
services. Food insecurity relates to limited or uncertain access to sufficient, safe and nutritious
food for normal growth and development and an active and healthy life (107). This may
include lack of resources (including finances and transport), lack of access to nutritious food
at an affordable price, lack of access due to geographical isolation, lack of cooking facilities and
lack of knowledge or skills to make appropriate choices. The clinician should ascertain the
degree of food insecurity experienced by the individual and modify dietary recommendations
accordingly, for example, strategies for preparing meals with minimal storage and/or cooking
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utensils and facilities, ready-made meals, food delivery, free community meals, community
cooking classes, and so on. For individuals requiring dietetic assessment and counselling,
clinicians should explore the potential subsidised dietetic services available and how they may
access them. Interestingly, a cost analysis of a healthy Mediterranean-style diet found it to be
affordable for individuals with clinical depression whose habitual diet was poor quality
(Mediterranean-style diet AUD$112/week vs. habitual diet AUD$138/week). These cost
savings were mainly attributed to purchasing cheaper products from the Mediterranean
diet (e.g. pulses, tinned fish) and less alcohol and sweets (108).

Service/Delivery Considerations

Dietary consultations should be delivered using an evidence-based approach underpinned
by peer-reviewed scientific research, while considering the therapeutic relationship with the
patient (109). With regards to the intensity and frequency of nutrition care for efficacy in
depression, evidence from the SMILES trial shows that seven individualised face-to-face
sessions with a dietitian delivered over 3 months (weekly to fortnightly sessions) can achieve
reductions in depressive symptoms (105, 110). In a best-case scenario, initial dietetic
appointments usually extend to 60 minutes while review appointments may be shorter
(30-60 minutes), determined on a case-by-case basis (111). Other research suggests fewer
nutrition appointments are also efficacious for reducing depressive symptoms (112, 113).
The complex nature of common mental disorders and the many facets of the individual and
their multiple health concerns often necessitate more frequent sessions. Furthermore, some
individuals may require stepped care or a gradual increase in the intensity of dietary
intervention. Those with lower readiness to change or limited food-related knowledge or
skills may benefit from a greater number of diet-focussed sessions, longer period of exten-
sive support and/or ‘restart’ opportunities. Moreover, for long-term effectiveness, diet
interventions should be flexible with continuous motivational support and broad multifa-
ceted strategies for change (114). Limited data is currently available regarding whether
sustainable dietary change is possible in individuals with depression, however, dietary
patterns, such as the Mediterranean diet, often use a weight-neutral/ad libitum approach,
which can help promote adherence and longevity of changes (115).

Delivery Mode

Face to Face

Developing a meaningful and effective therapeutic relationship (e.g. ‘connection’, ‘rapport’,
‘partnership’) is considered crucial in nutrition practice - it is pivotal to how effectively the
patient and professional engage and work together (109). Dietary advice can be delivered in
several ways, but the most effective delivery mode is one which promotes a patient-centred
approach and the development of a therapeutic relationship. Face-to-face consultation
allows for tailoring or personalisation of nutrition information to the individual’s require-
ments and lifestyle with the aim of facilitating behaviour change. Evidence from RCTs of
personalised nutrition interventions demonstrates that compared to web-based interven-
tions, face-to-face nutrition interventions can achieve significantly greater dietary change
and are also more likely to produce long-term benefits (116). Additionally, supporting
a patient to attend in-person appointments can play an important role in working through
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motivation, encouraging forward planning and routine. However, face-to-face nutrition
services can be expensive and time-consuming and may not be accessible to everyone (116).

Telehealth, Web-Based and Apps

Following technological advances, web-based and mobile methods of dietary advice are
increasingly replacing or supplementing face-to-face consultations. Telehealth offers
a convenient service that can be especially desirable for individuals with mood disorders
who commonly experience amotivation and/or agoraphobia. Additionally, telehealth can
help reduce the burden associated with regular attendance at appointments and potential
financial concerns (e.g. transport costs).

Web applications, websites and telehealth can reach a larger population (including
individuals living in rural and remote locations or internationally) and allow patients
with mobility issues to access high-quality services. Importantly, web-based nutrition
interventions should be personalised in order to support dietary change, but there is
currently insufficient evidence to suggest that web-based interventions are as effective as
face-to-face interventions (116).

Hybrid Approaches

It is worth considering the possible use of multiple delivery modes (e.g. initial face-to-face
consultation and review appointments via videoconference and/or telephone), which
fosters the development of a therapeutic alliance in the initial phases, while allowing for
a convenient service with reduced patient-clinician burden in the latter phase. Finally,
group consultations should be considered in the context of providing a valuable oppor-
tunity for peer support, in particular for allowing individuals to connect with others with
lived experience (117).

Additional Recommendations for Psychiatrists, Psychologists and Other
Mental Health Clinicians

Diet interventions can lead to impressive reductions in depressive symptoms, particularly
when advice is dietitian-delivered and with sufficient session frequency. However, psych-
ologists, psychiatrists and other mental health clinicians can play an important role in the
assessment and counselling of individuals with regards to diet and at a minimum raising
patient awareness of the role of diet in mental health. For example, clinicians could discuss
with patients the current evidence that healthy dietary patterns containing fish, legumes,
fruits, vegetables, nuts and wholegrains can be instrumental in managing symptoms of
depression. Conversely, a high intake of discretionary items such as sweets, highly processed
cereals, crisps, fast food and sugar-sweetened beverages increases the risk of poor mental
health.

Moreover, psychologists and psychiatrists can play a part in working a patient up for
a referral to a mental health dietitian. This work-up involves establishing an individual’s
interest in dietary change, their motivation levels and their readiness to change. As alluded to
earlier, awareness of potential ‘red flags’, which would indicate a referral to a dietitian, is
necessary, including eating disorders, disordered eating, poorly managed comorbid medical
health conditions, loss of appetite, significant weight change, the need for a specialised diet or
pregnancy.
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While nutritional care should be delivered by a trained professional, broader mental health
teams could routinely raise diet and nutrition as an important issue and encourage changes to
improve dietary intake. This must be delivered in a highly sensitive, non-stigmatising fashion,
as patients commonly experience shame around food, eating and bodyweight. Support should
focus on behavioural changes (e.g. increasing intake of legumes by one serve per week) rather
than outcome-focussed goals (e.g. cholesterol) and should be weight-neutral. Raising the
profile of nutrition is highly relevant and in accordance with the recent Royal Australian
New Zealand College of Psychiatrists’ clinical practice guidelines stating that lifestyle
approaches (including nutrition) should form the foundation of treatment for mood disorders
(77).

Conclusion

The large burden of early mortality due to cardiometabolic illness, alongside the more recent
evidence for diet quality as a risk factor and treatment target for mental health problems,
support the imperative for the use of dietary interventions to treat depression and anxiety.

There is particularly compelling data to support the use of a Mediterranean diet to
improve symptoms of depression. Given the high rates of cardiometabolic comorbidity in
individuals with depression, this is a favourable approach because of its protective effects for
metabolic syndrome and cardiovascular disease. Recommendations are provided to guide
mental health clinicians through the nutrition care process. Clinical judgement should be
applied in the timing of nutrition counselling as well as the choice of dietary approach,
which should reflect the needs of the patient and available resources.

References

1. Herforth, A., Arimond, M., Alvarez- 7. Mediterranean FD. What is the
Sénchez, C,, et al., 2019. A global review of Mediterranean diet? Available from:
food-based dietary guidelines. Advances in https://dietamediterranea.com/en/
Nutrition, 10(4), pp. 590-605. nutrition.

2. Reedy, J., Lerman, J. L., Krebs-Smith, S. M., 8. Hutchins-Wiese, H. L., Bales, C. W. and
et al,, 2018. Evaluation of the Healthy Eating Porter Starr, K. N., 2021. Mediterranean
Index-2015. Journal of the Academy of diet scoring systems: understanding the
Nutrition and Dietetics, 118(9), pp. 1622-33. evolution and applications for

3. Organisation CSaIR. CSIRO Healthy Diet Mediterranean and non-Mediterranean

Score, 2021. Available from: www.csiro.au/ countries. British Journal of Nutrition, 128
en/research/health-medical/diets/csiro- (7), pp. 1-22.

healthy-diet-score. 9. Monteagudo, C., Mariscal-Arcas, M.,
Rivas, A, et al., 2015. Proposal of

a Mediterranean diet serving score. PLoS
One, 10(6), p. €0128594.

4. Newcastle Uo. Healthy Eating Quiz.
Available from: https://healthyeatingquiz

.com.au.

5. Institute NNC. Register of Validated Short 10. Schroder, H., Fito, M., 'EStrl}ch, R, et alt,
Dietary Assessment Instruments. Available 201 1: A short screener 1s valid for assessing
from: https://epi.grants.cancer.gov/diet/ Mediterranean diet adherence among older
shortreg. Spanish men and women. Journal of

Nutrition, 141(6), pp. 1140-5.
6. Trichopoulou, A. and Lagiou, P., 1997. (©), pp

Healthy traditional Mediterranean diet: an 11. Chiavaroli, L., Viguiliouk, E., Nishi, S. K.,
expression of culture, history, and lifestyle. et al., 2019. DASH dietary pattern and
Nutrition Reviews, 55(11 Pt 1), pp. 383-9. cardiometabolic outcomes: an umbrella


https://www.csiro.au/en/research/health-medical/diets/csiro-healthy-diet-score
https://www.csiro.au/en/research/health-medical/diets/csiro-healthy-diet-score
https://www.csiro.au/en/research/health-medical/diets/csiro-healthy-diet-score
https://healthyeatingquiz.com.au
https://healthyeatingquiz.com.au
https://epi.grants.cancer.gov/diet/shortreg
https://epi.grants.cancer.gov/diet/shortreg
https://dietamediterranea.com/en/nutrition
https://dietamediterranea.com/en/nutrition
https://doi.org/10.1017/9781009299862.006

94

Heidi M. Staudacher et al.

12.

13.

14.

15.

16.

17.

18.

19.

20.

review of systematic reviews and
meta-analyses. Nutrients, 11(2).

Berk, M., Williams, L. J., Jacka, F. N.,

et al., 2013. So depression is an
inflammatory disease, but where does the
inflammation come from? BMC Medicine,
11(1), p. 200.

Koelman, L., Egea Rodrigues, C. and
Aleksandrova, K., 2022. effects of dietary
patterns on biomarkers of inflammation
and immune responses: a systematic review
and meta-analysis of randomized
controlled trials. Advances in Nutrition, 13
(1), pp. 101-15.

Christ, A., Lauterbach, M. and Latz, E.,
2019. Western diet and the immune
system: an inflammatory connection.
Immunity, 51(5), pp. 794-811.

Shivappa, N, Steck, S. E., Hurley, T. G.,
Hussey, J. R. and Hebert, J. R., 2014.
Designing and developing a
literature-derived, population-based
dietary inflammatory index. Public Health
Nutrition, 17(8), pp. 1689-96.

Rowland, I., Gibson, G., Heinken, A., et al.,
2018. Gut microbiota functions:
metabolism of nutrients and other food
components. European Journal of
Nutrition, 57(1), pp. 1-24.

Wiley, N., Cryan, J. F., Dinan, T. G,

Ross, R. P. and Stanton, C., 2020.
Production of psychoactive metabolites by
gut bacteria. In C. S. M. Cowan and

B. E. Leonard (eds.), Microbes and the mind:
the microbiome-gut-brain axis in
neuropsychiatry. Modern Trends in
Pharmacopsychiatry. Karger.

Simpson, C. A., Diaz-Arteche, C., Eliby, D.,
et al,, 2021. The gut microbiota in anxiety
and depression: a systematic review.
Clinical Psychology Review, 83, p. 101943.

McGuinness, A. J., Davis, J. A,

Dawson, S. L., et al., 2022. A systematic
review of gut microbiota composition in
observational studies of major depressive
disorder, bipolar disorder and
schizophrenia. Molecular Psychiatry, 27(4),
pp. 1920-35.

Nikolova, V. L., Hall, M. R. B,, Hall, L. J.,
etal,, 2021. Perturbations in gut microbiota

21.

22.

23.

24.

25.

26.

27.

28.

29.

composition in psychiatric disorders:
a review and meta-analysis. JAMA
Psychiatry, 78(12), pp. 1343-54.

O’Riordan, K. J., Collins, M. K.,
Moloney, G. M., et al., 2022. Short chain
fatty acids: microbial metabolites for
gut-brain axis signalling. Molecular and
Cellular Endocrinology, 546, p. 111572.

David, L. A., Maurice, C. F.,

Carmody, R. N, et al., 2014. Diet rapidly
and reproducibly alters the human gut
microbiome. Nature, 505(7484), pp.
559-63.

Kimble, R., Gouinguenet, P., Ashor, A.,

et al., 2022. Effects of a Mediterranean diet
on the gut microbiota and microbial
metabolites: a systematic review of
randomized controlled trials and
observational studies. Critical Reviews in
Food Science and Nutrition, 10, pp. 1-22.

Singh, R. K., Chang, H.-W,, Yan, D,, et al,,
2017. Influence of diet on the gut
microbiome and implications for human
health. Journal of Translational Medicine,
15(1), p. 73.

Armet, A. M., Deehan, E. C.,

O’Sullivan, A. F,, et al., 2022. Rethinking
healthy eating in light of the gut microbiome.
Cell Host & Microbe, 30(6), pp. 764-85.

Kang, S. S., Jeraldo, P. R., Kurti, A,, et al.,
2014. Diet and exercise orthogonally alter
the gut microbiome and reveal independent
associations with anxiety and cognition.
Molecular Neurodegeneration, 9(1), p. 36.

Leyrolle, Q., Cserjesi, R., Mulders, M.

D. G. H,, et al., 2021. Prebiotic effect on
mood in obese patients is determined by
the initial gut microbiota composition:

a randomized, controlled trial. Brain,
Behavior, and Immunity, 94, pp. 289-98.

Liu, R. T., Walsh, R. F. L. and

Sheehan, A. E., 2019. Prebiotics and
probiotics for depression and anxiety:

a systematic review and meta-analysis of
controlled clinical trials. Neuroscience ¢
Biobehavioral Reviews, 102, pp. 3-23.

Berding, K., Long-Smith, C. M.,

Carbia, C.,, et al.,, 2021. A specific dietary
fibre supplementation improves
cognitive performance: an exploratory


https://doi.org/10.1017/9781009299862.006

Diet Interventions for Anxiety and Depression 95

30.

31.

32.

33.

34.

35.

36.

37.

randomised, placebo-controlled,
crossover study. Psychopharmacology
(Berl)., 238(1), pp. 149-63.

Steptoe, A., Hamer, M. and Chida, Y., 2007.
The effects of acute psychological stress on
circulating inflammatory factors in

humans: a review and meta-analysis. Brain,
Behavior, and Immunity, 21(7), pp. 901-12.

Costello, H., Gould, R. L., Abrol, E. and
Howard, R., 2019. Systematic review and
meta-analysis of the association between
peripheral inflammatory cytokines and
generalised anxiety disorder. BMJ Open, 9
(7), p. €027925.

Osimo, E. F,, Pillinger, T., Rodriguez, I. M.,
et al., 2020. Inflammatory markers in
depression: a meta-analysis of mean
differences and variability in 5,166 patients
and 5,083 controls. Brain, Behavior, and
Immunity, 87, pp. 901-9.

Hou, R, Ye, G, Liu, Y., et al., 2019. Effects
of SSRIs on peripheral inflammatory
cytokines in patients with Generalized
Anxiety Disorder. Brain, Behavior, and
Immunity, 81, pp. 105-10.

Strawbridge, R., Arnone, D., Danese, A.,
et al., 2015. Inflammation and clinical
response to treatment in depression: a
meta-analysis. European
Neuropsychopharmacology, 25(10), pp.
1532-43.

Kohler-Forsberg, O., Hjorthgj, C.,
Nordentoft, M., Mors, O. and Benros, M.
E., 2019. Efficacy of anti-inflammatory
treatment on major depressive disorder or
depressive symptoms: meta-analysis of
clinical trials. Acta Psychiatrica
Scandinavica, 139(5), pp. 404-19.

Capuron, L., Ravaud, A., Neveu, P. ], et al,,
2002. Association between decreased
serum tryptophan concentrations and
depressive symptoms in cancer patients
undergoing cytokine therapy. Molecular
Psychiatry, 7(5), pp. 468-73.

Su, K. P, Lai, H. C, Yang, H. T, et al,,
2014. Omega-3 fatty acids in the
prevention of interferon-alpha-induced
depression: results from a randomized,
controlled trial. Biological Psychiatry, 76
(7), pp. 559-66.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

Yahfoufi, N., Alsadi, N., Jambi, M. and
Matar, C., 2018. The immunomodulatory
and anti-inflammatory role of polyphenols.
Nutrients, 10(11).

Giacobbe, J., Benoiton, B., Zunszain, P.,
Pariante, C. M. and Borsini, A., 2020. The
anti-inflammatory role of omega-3
polyunsaturated fatty acids metabolites in
pre-clinical models of psychiatric,
neurodegenerative, and neurological
disorders. Frontiers in Psychiatry, 11.

Lassale, C., Batty, G. D., Baghdadli, A.,
etal,, 2019. Healthy dietary indices and risk
of depressive outcomes: a systematic
review and meta-analysis of observational
studies. Molecular Psychiatry, 24(7), pp-
965-86.

Firth, J., Stubbs, B., Teasdale, S. B., et al.,
2018. Diet as a hot topic in psychiatry: a
population-scale study of nutritional
intake and inflammatory potential in
severe mental illness. World Psychiatry:
Official Journal of the World Psychiatric
Association (WPA), 17(3), pp. 365-7.

Itsiopoulos, C., Mayr, H. L. and

Thomas, C. J., 2022. The
anti-inflammatory effects of

a Mediterranean diet: a review. Current
Opinion in Clinical Nutrition & Metabolic
Care, 25(6), pp. 415-22.

Dantzer, R., O’Connor, J. C., Freund, G. G.,
Johnson, R. W. and Kelley, K. W., 2008.
From inflammation to sickness and
depression: when the immune system
subjugates the brain. Nature Reviews
Neuroscience, 9(1), pp. 46-56.

Sapolsky, R. M., 2000. Glucocorticoids and
hippocampal atrophy in neuropsychiatric
disorders. Archives of General Psychiatry,
57(10), pp. 925-35.

Tafet, G. E. and Nemeroff, C. B., 2020.
Pharmacological treatment of anxiety
disorders: the role of the HPA axis.
Frontiers in Psychiatry, 11.

Rohleder, N. and Kirschbaum, C., 2007.
Effects of nutrition on neuro-endocrine
stress responses. Current Opinion in
Clinical Nutrition & Metabolic Care, 10(4).

Brody, S., Preut, R., Schommer, K. and
Schiirmeyer, T. H., 2002. A randomized


https://doi.org/10.1017/9781009299862.006

96

Heidi M. Staudacher et al.

48.

49.

50.

51.

52.

53.

54.

55.

56.

controlled trial of high dose ascorbic acid for
reduction of blood pressure, cortisol, and
subjective responses to psychological stress.
Psychopharmacology, 159(3), pp. 319-24.

Delarue, J., Matzinger, O., Binnert, C.,

et al,, 2003. Fish oil prevents the adrenal
activation elicited by mental stress in
healthy men. Diabetes & Metabolism, 29(3),
pp. 289-95.

Robertson, R. C., Seira Oriach, C.,
Murphy, K., et al., 2017. Omega-3
polyunsaturated fatty acids critically
regulate behaviour and gut microbiota
development in adolescence and
adulthood. Brain, Behavior, and Immunity,
59, pp. 21-37.

Larrieu, T., Hilal, L. M., Fourrier, C., et al.,
2014. Nutritional omega-3 modulates
neuronal morphology in the prefrontal
cortex along with depression-related
behaviour through corticosterone
secretion. Translational Psychiatry, 4(9),
p. e437-e.

Jahangard, L., Hedayati, M.,
Abbasalipourkabir, R., et al., 2019. Omega-
3-polyunsatured fatty acids (O3PUFAs),
compared to placebo, reduced symptoms
of occupational burnout and lowered
morning cortisol secretion.
Psychoneuroendocrinology, 109, p. 104384.

Hovatta, 1., Juhila, J. and Donner, J., 2010.
Oxidative stress in anxiety and comorbid
disorders. Journal of Neuroscience Research,
68(4), pp. 261-75.

Liu, T., Zhong, S., Liao, X., et al., 2015. A
meta-analysis of oxidative stress markers in
depression. PLoS One, 10(10), p. €0138904.

Machlin, L. J. and Bendich, A., 1987. Free
radical tissue damage: protective role of
antioxidant nutrients. The FASEB Journal,
1(6), pp. 441-5.

Zhang, H. and Tsao, R., 2016. Dietary
polyphenols, oxidative stress and antioxidant
and anti-inflammatory effects. Current
Opinion in Food Science, 8, pp. 33-42.

Matsuzawa-Nagata, N., Takamura, T.,
Ando, H,, et al., 2008. Increased oxidative
stress precedes the onset of high-fat
diet-induced insulin resistance and obesity.
Metabolism, 57(8), pp. 1071-7.

57.

58.

59.

60.

61.

62.

63.

64.

65.

Studzinski, C. M., Li, F., Bruce-Keller, A. J.,
et al., 2009. Effects of short-term Western
diet on cerebral oxidative stress and
diabetes related factors in APP x PS1
knock-in mice. Journal of Neurochemistry,
108(4), pp. 860-6.

Ferriani, L. O., Silva, D. A.,

Molina, M. D. C. B,, et al., 2022.
Associations of depression and intake of
antioxidants and vitamin B complex:
results of the Brazilian Longitudinal Study
of Adult Health (ELSA-Brasil). Journal of
Affective Disorders, 297, pp. 259-68.

Fernandes, B. S., Dean, O. M., Dodd, S.,
Malhi, G. S. and Berk, M., 2016.
N-acetylcysteine in depressive symptoms
and functionality: a systematic review and
meta-analysis. The Journal of Clinical
Psychiatry, 77(4), pp. e457-66.

Lafleur, D. L., Pittenger, C., Kelmendi, B.,
et al,, 2006. N-acetylcysteine augmentation
in serotonin reuptake inhibitor refractory
obsessive-compulsive disorder.
Psychopharmacology, 184(2), pp. 254-6.

Gautam, M., Agrawal, M., Gautam, M.,

et al,, 2012. Role of antioxidants in
generalised anxiety disorder and
depression. Indian Journal of Psychiatry, 54
(3), pp- 244-7.

Marx, W., McGuinness, A. J., Rocks, T.,
et al,, 2021. The kynurenine pathway in
major depressive disorder, bipolar
disorder, and schizophrenia: a
meta-analysis of 101 studies. Molecular
Psychiatry, 26(8), pp. 4158-78.

Ogyu, K., Kubo, K., Noda, Y., et al., 2018.
Kynurenine pathway in depression:

a systematic review and meta-analysis.
Neuroscience & Biobehavioral Reviews, 90,
pp. 16-25.

Soh, N. L. and Walter, G., 2014. Tryptophan
and depression: can diet alone be the answer?
Acta Neuropsychiatrica, 23(1), pp. 3-11.

Cakici, N., Sutterland, A. L.,

Penninx, B. W. J. H., et al., 2020. Altered
peripheral blood compounds in drug-naive
first-episode patients with either
schizophrenia or major depressive
disorder: a meta-analysis. Brain, Behavior,
and Immunity, 88, pp. 547-58.


https://doi.org/10.1017/9781009299862.006

Diet Interventions for Anxiety and Depression 97

66.

67.

68.

69.

70.

71.

72.

73.

74.

Castrén, E. and Monteggia, L. M., 2021.
Brain-derived neurotrophic factor
signaling in depression and antidepressant
action. Biological Psychiatry, 90(2), pp.
128-36.

Marx, W., Lane, M., Hockey, M., et al.,
2020. Diet and depression: exploring the
biological mechanisms of action. Molecular
Psychiatry, 26(1), pp. 134-50.

Jacka, F. N., Cherbuin, N., Anstey, K. J.,
Sachdev, P. and Butterworth, P., 2015.
Western diet is associated with a smaller
hippocampus: a longitudinal investigation.
BMC Medicine, 13, p. 215.

Sanchez-Villegas, A., Galbete, C.,
Martinez-Gonzalez, M. A, et al., 2011. The
effect of the Mediterranean diet on plasma
brain-derived neurotrophic factor (BDNF)
levels: the PREDIMED-NAVARRA
randomized trial. Nutritional Neuroscience,
14(5), pp. 195-201.

Clark, T. D., Crean, A. J. and Senior, A. M.,
2022. Obesogenic diets induce anxiety in
rodents: a systematic review and
meta-analysis. Obesity Reviews, 23(3),

p- €13399.

Luppino, F. S., de Wit, L. M.,

Bouvy, P. F,, et al,, 2010. Overweight,
obesity, and depression: a systematic
review and meta-analysis of longitudinal
studies. Archives of General Psychiatry,
67(3), pp. 220-9.

Jacka, F. N., O’Neil, A., Opie, R,, et al,,
2017. A randomised controlled trial of
dietary improvement for adults with major
depression (the ‘SMILES’ trial). BMC
Medicine, 15(1), p. 23.

Lambert, E. R., Koutoukidis, D. A. and
Jackson, S. E., 2019. Effects of weight
stigma in news media on physical
activity, dietary and weight loss
intentions and behaviour. Obesity
Research & Clinical Practice, 13(6),

pp. 571-8.

Xu, Y., Zeng, L., Zou, K,, et al.,, 2021. Role
of dietary factors in the prevention and
treatment for depression: an umbrella
review of meta-analyses of prospective
studies. Translational Psychiatry, 11(1),

p. 478.

75.

76.

77.

78.

79.

80.

81.

82.

Lassale, C., Batty, G. D., Baghdadli, A.,
etal., 2018. Healthy dietary indices and risk
of depressive outcomes: a systematic
review and meta-analysis of observational
studies. Molecular Psychiatry, 24(7), pp.
965-86.

Firth, J., Marx, W., Dash, S, et al., 2019. The
effects of dietary improvement on symptoms
of depression and anxiety: a meta-analysis of
randomised controlled trials. Psychosomatic
Medicine, 81, pp. 265-80.

Malhi, G. S., Outhred, T., Hamilton, A.,
et al., 2018. Royal Australian and New
Zealand College of Psychiatrists clinical
practice guidelines for mood disorders:
major depression summary. Medical
Journal of Australia, 208(4), pp. 175-80.

Bot, M., Brouwer, I. A, Roca, M., et al.,
2019. Effect of multinutrient
supplementation and food-related
behavioral activation therapy on
prevention of major depressive disorder
among overweight or obese adults with
subsyndromal depressive symptoms: the
MooDFOOD randomized clinical trial.
JAMA, 321(9), pp. 858-68.

Jacka, F. N., O’Neil, A., Opie, R., et al,,
2017. A randomised controlled trial of
dietary improvement for adults with major
depression (the ‘SMILES’ trial). BMC
Medicine, 15(1), pp. 1-13.

Parletta, N., Zarnowiecki, D., Cho, J., et al.,
2019. A Mediterranean-style dietary
intervention supplemented with fish oil
improves diet quality and mental health in
people with depression: a randomized
controlled trial (HELFIMED). Nutritional
Neuroscience, 22(7), pp. 474-87.

Opie, R. S., O'Neil, A, Jacka, F. N.,
Pizzinga, J. and Itsiopoulos, C., 2018.

A modified Mediterranean dietary
intervention for adults with major
depression: dietary protocol and feasibility
data from the SMILES trial. Nutritional
Neuroscience, 21(7), pp. 487-501.

Chatterton, M. L., Mihalopoulos, C.,
O’Neil, A., et al., 2018. Economic
evaluation of a dietary intervention for
adults with major depression (the ‘SMILES’
trial). BMC Public Health, 18(1), pp. 1-11.


https://doi.org/10.1017/9781009299862.006

928

Heidi M. Staudacher et al.

83.

84.

85.

86.

87.

88.

89.

90.

91.

Segal, L., Twizeyemariya, A.,

Zarnowiecki, D., et al., 2020. Cost
effectiveness and cost-utility analysis of a
group-based diet intervention for treating
major depression: the HELFIMED trial.
Nutritional Neuroscience, 23(10), pp. 770-8.

Bayes, J., Schloss, J. and Sibbritt, D., 2022.
The effect of a Mediterranean diet on the
symptoms of depression in young males (the
‘AMMEND: A Mediterranean Diet in MEN
with Depression’ study): a randomized
controlled trial. The American Journal of
Clinical Nutrition, 116(2), pp. 572-80.

Francis, H. M., Stevenson, R. J., Chambers,
J. R, etal., 2019. A brief diet intervention can
reduce symptoms of depression in young
adults: a randomised controlled trial. PloS
One, 14(10), p. €0222768.

Young, C. L., Mohebbi, M., Staudacher, H.,
et al,, 2021. Assessing the feasibility of an m-
Health intervention for changing diet quality
and mood in individuals with depression: the
My Food & Mood program. International
Review of Psychiatry, 33(3), pp. 266-79.

Cabrera-Sudérez, B., Pla, J., Gonzalez-Pinto,
A., et al., 2022. Effectiveness of a remote
nutritional intervention to increase the
adherence to the Mediterranean diet
among recovered depression patients.
Nutritional Neuroscience, 18, pp. 1-10.

Madani, S., Ahmadi, A., Shoaei-Jouneghani,
F., Moazen, M. and Sasani, N., 2022. The
relationship between the Mediterranean diet
and Axis I disorders: a systematic review of
observational studies. Food Science &
Nutrition, 10(10), pp. 3241-58.

Nanri, A., Kimura, Y., Matsushita, Y., et al.,
2010. Dietary patterns and depressive
symptoms among Japanese men and
women. European Journal of Clinical
Nutrition, 64(8), pp. 832-9.

Canheta, A. B. S., Santos, A., Souza, J. D. and
Silveira, E. A., 2021. Traditional Brazilian diet
and extra virgin olive oil reduce symptoms of
anxiety and depression in individuals with
severe obesity: randomized clinical trial.
Clinical Nutrition, 40(2), pp. 404-11.

Sabet, J. A., Ekman, M. S., Lundvall, A. S.,
et al,, 2021. Feasibility and acceptability of
a healthy Nordic diet intervention for the

93.

94.

95.

96.

97.

98.

99.

treatment of depression: a randomized
controlled pilot trial. Nutrients, 13(3).

Valipour, G., Esmaillzadeh, A.,
Azadbakht, L., et al., 2017. Adherence to
the DASH diet in relation to psychological
profile of Iranian adults. European Journal
of Nutrition, 56(1), pp. 309-20.

Meegan, A. P., Perry, I. J. and

Phillips, C. M., 2017. The association
between dietary quality and dietary
guideline adherence with mental health
outcomes in adults: a cross-sectional
analysis. Nutrients, 9(3).

Perez-Cornago, A., Sanchez-Villegas, A.,
Bes-Rastrollo, M., et al., 2017. Relationship
between adherence to Dietary Approaches
to Stop Hypertension (DASH) diet indices
and incidence of depression during up to 8
years of follow-up. Public Health Nutrition,
20(13), pp. 2383-92.

Sanchez-Villegas, A., Delgado-
Rodriguez, M., Alonso, A., et al., 2009.
Association of the Mediterranean dietary
pattern with the incidence of depression:
the Seguimiento Universidad de Navarra/
University of Navarra follow-up (SUN)
cohort. Archives of General Psychiatry, 66
(10), pp. 1090-8.

Torres, S. J. and Nowson, C. A., 2012. A
moderate-sodium DASH-type diet
improves mood in postmenopausal
women. Nutrition, 28(9), pp. 896-900.

Tolkien, K., Bradburn, S. and
Murgatroyd, C., 2019. An
anti-inflammatory diet as a potential
intervention for depressive disorders:
a systematic review and meta-analysis.
Clinical Nutrition, 38(5), pp. 2045-52.

Phillips, C. M., Shivappa, N., Hébert, J. R.
and Perry, . J., 2018. Dietary inflammatory
index and mental health: a cross-sectional
analysis of the relationship with depressive
symptoms, anxiety and well-being in adults.
Clinical Nutrition, 37(5), pp. 1485-91.

Sparti, C., Santomauro, D., Cruwys, T.,
Burgess, P. and Harris, M., 2019.
Disordered eating among Australian
adolescents: prevalence, functioning, and
help received. International Journal of
Eating Disorders, 52(3), pp. 246-54.


https://doi.org/10.1017/9781009299862.006

Diet Interventions for Anxiety and Depression 929

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

Koshy, K., Limb, C., Gundogan, B.,
Whitehurst, K. and Jafree, D. J., 2017.
Reflective practice in health care and
how to reflect effectively. International
Journal of Surgical Oncology, 2(6),

p. €20.

Benjet, C., Bromet, E., Karam, E. G, et al,,
2016. The epidemiology of traumatic
event exposure worldwide: results from
the World Mental Health Survey
Consortium. Psychological Medicine, 46
(2), pp- 327-43.

Gerber, M. and Gerber, M., 2019. An
introduction to trauma and health. In
M. R. Gerber (ed.),Trauma-informed
healthcare approaches. Springer Nature.

Martinez-Lacoba, R., Pardo-Garcia, 1.,
Amo-Saus, E. and Escribano-Sotos, F.,
2018. Mediterranean diet and health
outcomes: a systematic meta-review.
European Journal of Public Health, 28(5),
pp. 1-6.

Hunger, J., Smith, J. and Tomiyama, J.,
2020. An evidence-based rationale for
adopting weight-inclusive health policy.
Social Issues and Policy Review, 14(1), pp.
73-107.

Jacka, F. N., O’'Neil, A., Opie, R,, et al,,
2017. A randomised controlled trial of
dietary improvement for adults with
major depression (the ‘SMILES’ trial).
BMC Medicine, 15(1).

Vartanian, L. R. and Porter, A. M., 2016.
Weight stigma and eating behavior:

a review of the literature. Appetite, 102,
pp. 3-14.

FAO. Hunger and food insecurity, 2022.
Available from: www.fao.org/hunger/en.

Opie, R., Segal, L., Jacka, F,, et al., 2015.
Assessing healthy diet affordability in

a cohort with major depressive disorders.
Journal of Epidemiology and Public
Health, 7(5), pp. 159-69.

Nagy, A., McMahon, A., Tapsell, L. and
Deane, F., 2022. The therapeutic
relationship between a client and
dietitian: a systematic integrative review
of empirical literature.Nutrition &
Dietetics, 79(3), pp. 303-48.

110.

111.

112.

113.

114.

115.

116.

117.

Opie, R. S., O’Neil, A,, Jacka, F. N,,
Pizzinga, J. and Itsiopoulos, C., 2018.
A modified Mediterranean dietary
intervention for adults with major
depression: dietary protocol and
feasibility data from the SMILES trial.
Nutritional Neuroscience, 21(7), pp.
487-501.

Employees Assistance Programme
Administration, 2019. The social and
economic benefits of improving mental
health. Melbourne: EAP Assist.

Francis, H. M., Stevenson, R. J,,
Chambers, J. R, et al., 2019. A brief diet
intervention can reduce symptoms of
depression in young adults: a randomised
controlled trial. PLoS One, 14(10),

p. €0222768.

Bayes, J., Schloss, J. and Sibbritt, D., 2021.
A randomised controlled trial assessing
the effect of a Mediterranean diet on the
symptoms of depression in young men
(the ‘AMMEND’ study): a study protocol.
British Journal of Nutrition, 126(5), pp.
730-7.

Firth, J., Siddiqi, N., Koyanagi, A., et al.,
2019. The Lancet Psychiatry Commission:
a blueprint for protecting physical health
in people with mental illness. Lancet
Psychiatry, 6(8), pp. 675-712.

Franquesa, M., Pujol-Busquets, G.,
Garcia-Fernandez, E., et al., 2019.
Mediterranean diet and cardiodiabesity:
a systematic review through
evidence-based answers to key clinical
questions. Nutrients, 11(3).

Al-Awadhi, B., Fallaize, R.,

Franco, R. F. H. and Lovegrove, J., 2021.

Insights into the delivery of personalised
nutrition: evidence from face-to-face and
web-based dietary interventions. Frontiers
in Nutrition, 7, pp. 1-14.

Watkins, A., Denney-Wilson, E.,

Curtis, J., et al., 2020. Keeping the body in
mind: a qualitative analysis of the
experiences of people experiencing
first-episode psychosis participating in

a lifestyle intervention programme.
International Journal of Mental Health
Nursing, 29(2), pp. 278-89.


https://www.fao.org/hunger/en
https://doi.org/10.1017/9781009299862.006

100 Heidi M. Staudacher et al.

118. British Nutrition Foundation. Your fault/files/202012/Dietary_Guidelines_fo
balanced diet, 2015. Available from: www r_mericans_2020-2025.pdf.
.nutrition.org.uk/media/ohunys2u/your- 120. Estruch. R.. Ros. E. and Martinez-
balanced-diet_16pp_final_web.pdf. Gonzélez, M. A., 2013. Mediterranean

119. USDoA. Dietary Guidelines for diet for primary prevention of

Americans, 2020-2025, 2020. Available
from: www.dietaryguidelines.gov/sites/de

cardiovascular disease. The New England
Journal of Medicine, 369(7), pp. 676-7.


http://www.nutrition.org.uk/media/ohunys2u/your-balanced-diet_16pp_final_web.pdf
http://www.nutrition.org.uk/media/ohunys2u/your-balanced-diet_16pp_final_web.pdf
http://www.nutrition.org.uk/media/ohunys2u/your-balanced-diet_16pp_final_web.pdf
https://www.dietaryguidelines.gov/sites/default/files/202012/Dietary_Guidelines_for_mericans_2020-2025.pdf
https://www.dietaryguidelines.gov/sites/default/files/202012/Dietary_Guidelines_for_mericans_2020-2025.pdf
https://www.dietaryguidelines.gov/sites/default/files/202012/Dietary_Guidelines_for_mericans_2020-2025.pdf
https://doi.org/10.1017/9781009299862.006

Schizophrenia, Microbiota
a and Nutrition

John R. Kelly

Summary

Schizophrenia is a complex heterogeneous neurodevelopmental disorder involving
the intricate interplay of genetic susceptibilities and the accumulation of prenatal
and postnatal environmental stressors. At the interface between the individual and
the environment, the diverse microbial ecosystem in the gut (microbiota) plays an
important role in the regulation of homeostasis, particularly immune, metabolic
and endocrine pathways. Pre-clinical studies show that the signalling pathways of
the microbiome-gut-brain (MGB) axis influence brain development and function,
including modulation of stress sensitivity, social interaction and cognitive
function. Human studies in infants indicate associations between the gut
microbiota and components of cognition and behaviour. Preliminary clinical
studies demonstrate that schizophrenia is associated with altered gut microbiota
signatures compared to healthy controls. Faecal microbiota transplantation studies
from people with schizophrenia induce changes in brain neurochemistry and
behaviour, which suggests a physiologically relevant role. Microbial-based
interventions in schizophrenia are at an early stage of development, but a deeper
understanding of the overlapping and complementary interaction between the
MGB axis and diet and exercise and their relationship to other lifestyle factors
could open avenues to modify susceptibility to, or exacerbation of, components of
schizophrenia. This chapter will review the MGB axis and its interaction with diet,
exercise, stress and antipsychotics in the hope that this will provide mental health
professionals with an understanding of the MGB axis as an additional modifiable
system that could be harnessed to improve health outcomes in schizophrenia.

Introduction

Schizophrenia is a highly complex heterogeneous neurodevelopmental disorder involving
the intricate interplay of genetic susceptibilities and the accumulation of prenatal and
postnatal environmental stressors. The disorder presents with varying degrees of positive
symptoms (delusions and hallucinations), negative symptoms (poverty of speech, dimin-
ished emotional expression/pleasure, motivation, sociality) and cognitive deficits. It is
associated with a 13-15-year premature mortality rate (1), primarily driven by cardiometa-
bolic and respiratory disease, compounded by poor-quality diet, low physical activity and
high levels of smoking, alcohol and substance use. Metabolic dysregulation, such as
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persistently high fasting insulin levels (2) and lipid dysregulation during childhood (3),
together with subtle aberrations in immune signalling pathways (4), is associated with an
increased susceptibility to the development of schizophrenia.

An integrative multi-systems approach to schizophrenia that encompasses central-
peripheral interactions and wider environmental influences may expand opportunities to
understand this disorder and improve health outcomes. At the interface between the
individual and the environment, the complex and diverse microbial ecosystem in the gut
(microbiota) plays an important role in the regulation of homeostasis, particularly immune,
metabolic and endocrine pathways.

Over the last two decades, animal studies using different but complementary approaches,
such as germ-free (GF) rodents (born and raised without microbes), antibiotics, probiotics,
gastrointestinal infection studies and faecal microbiota transplantation (FMT) studies, have
elucidated the pathways by which the gut microbiota acting via the gut-brain axis contributes
to the regulation of brain and behaviour (5). These microbiome-gut-brain (MGB) axis
signalling pathways operate throughout life but are especially important during early devel-
opment in shaping aspects of the stress response (6), cognition (7) and social (8-10) and
emotional domains (11).

Perturbations in the MGB axis are associated with a diverse range of disorders in adults.
Preliminary clinical studies, though limited in sample size and consistent methodologies,
suggest that schizophrenia is associated with altered gut microbiota profiles (Table 6.1). The
translational FMT components of these studies, which induce changes in brain neurochem-
istry and behaviour, hint at a possible pathophysiological role of the MGB axis in overlapping
domains of relevance to the trajectory of schizophrenia. However, it remains an open question
as to whether subtle deviations in MGB-axis signalling, in conjunction with other factors, play
a causative role in neurodevelopmental disorders (12, 13).

Identification of a schizophrenia-specific gut microbiota signature remains elusive and
will require large longitudinal studies. Meta-analyses suggest that there may be general gut
microbiota patterns that signify suboptimal homeostasis across psychiatric disorders (14-18).
These trends include alterations in beta diversity (variation between communities/samples)
with depletion of certain anti-inflammatory butyrate-producing bacteria (e.g.
Faecalibacterium and Coprococcus) and higher levels of proinflammatory bacteria (e.g.
Eggerthella) (14), lactic acid-producing bacteria and bacteria associated with glutamate and
gamma-aminobutyric acid (GABA) metabolism (16).

While the MGB axis offers a tractable therapeutic target, perhaps via promotion of gut
microbiota diversification, definitive microbial-based therapeutics specifically targeting
schizophrenia are at an early stage of development (19-21). Given the role of the MGB
axis in the regulation of glucose homeostasis (22), insulin sensitivity (23, 24) and lipid
variability (25), it may mediate antipsychotic (AP)-induced metabolic side effects (26-29)
and even play a subtle role in response (or non-response) to APs (30).

Against this background, a deeper understanding of the overlapping and complementary
relationship between the MGB axis and diet and exercise and their relationship to other
lifestyle factors could open avenues to modify susceptibility to, or exacerbation of, compo-
nents of schizophrenia. This chapter will review the MGB axis and its interaction with diet,
exercise, stress and APs in the hope that this will provide mental health professionals with an
understanding of the MGB axis as an additional modifiable system that could be integrated
into a multifaceted systems-based paradigm to potentially improve health outcomes in
schizophrenia.
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Table 6.1 Schizophrenia and gut microbiota

Design, number Results Ref
Amisulpride treatment for 4 Dorea, Desulfovibrio and Butyricicoccus significantly (26)
weeks increased
33 SCZ Actinomyces and Porphyromonas significantly
decreased

elevated blood levels of IL-4 and decreased IL-6

Cross-sectional SCZ: Flavonifractor plautii, Collinsella aerofaciens, (125)
132 SCZ Bilophila wadsworthia and Sellimonas intestinalis

132 HCs increased

132 metabolic syndrome Faecalibacterium prausnitzii, Ruminococcus lactaris,

Ruminococcus bicirculans and Veillonella rogosae
Reduced diversity and richness
The bacterial functional module for synthesising
tyrosine, a precursor for dopamine, was in SCZ
cases positively associated with cognitive

score

Cross-sectional SCZ: phylum: Actinobacteria increased, Firmicutes (126)
82 SZ patients decreased

80 HCs genus: Collinsella, Lactobacillus, Succinivibrio,

Mogibacterium, Corynebacterium, undefined
Ruminococcus and undefined Eubacterium
increased

Adlercreutzia, Anaerostipes,Ruminococcus and
Faecalibacterium decreased

Succinivibrio was positively correlated with the total
PANSS scores and the general PANSS scores

Corynebacterium negatively related to the negative
scores of PANSS

29 SCZ over two different aSCZ vs HCs; f_Ruminococcaceae, (127)
periods (remission and c_Deltaproteobacteria, o_Desulfovibrionales,
onset period) f_Desulfovibrionaceae, g_Turicibacter,

29 HCs g_Anaerotruncus, g_Bilophila, g_Intestinibacter,

g_Ruminococcaceae_UCG_004,
g__Flavonifractor, g_Ruminiclostridium_9,
o_Actinomycetales, f_Actinomycetaceae,
g_Actinomyces and g_Acetanaerobacterium

rSCZ vs HCs; Clostridium_sensu_stricto_1,
Intestinibacter, Parabacteroides, Turicibacter,
norank_-f_Ruminococcaceae, Bilophila,
Anaerotruncus, Ruminococcaceae_UCG_004,
Flavonifractor, Epulopiscium, Lactonifactor,
Anaerofustis, Comamonas,
norank_f_Christensenellaceae, Solobacterium,
Prevotella, Holdemania, Atopobium, and
Actinomyces were increased
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Table 6.1 (cont)

Design, number

Cross-sectional
84 SCZ
84 HCs

Cross-sectional
90 medication-free SCZ
81 HCs

Cross-sectional

First episode drug-naive
SCZ (n=40)

Antipsychotic-treated
SCZ (n=85)

HC (n=69)

Cross-sectional
25 chronic SCZ, 25 HCs

Translational
Antibiotic-treated male
mice

FMT: 11 drug-free SCZ, and

10 HC

Results

19 gut microbiota taxonomies were associated with
schizophrenia

Found that MD index was positively correlated with
ME diversity and gut IgA levels and negatively
correlated with gut microbiota richness

Glutamate synthase (GOGAT) was more active in
the guts of patients with schizophrenia than in
those of healthy controls, and high GOGAT
activity was associated with altered gut
microbiota taxonomies associated with gut IgA
levels

SCZ: increase in Lactobacillus fermentum,
Enterococcus faecium, Alkaliphilus oremlandii and
Cronobacter sakazakii/turicensis, Veillonella
atypica, Veillonella dispar, Bifidobacterium
dentium, Dialister invisus, Lactobacillus oris and
Streptococcus salivarius

FMT of a schizophrenia-enriched bacterium,
Streptococcus vestibularis induced deficits in
social behaviours and hyperactivity in mice and
altered neurotransmitter levels in peripheral
tissues in recipient mice

Lower alpha-diversity in antipsychotic-treated SCZ
compared to HCs

No difference between FEP compared to HCs

Both FEP and antipsychotic-treated SCZ had altered
composition including Christensenellaceae,
Enterobacteriaceae, Pasteurellaceae,
Turicibacteraceae at the family level and
Escherichia at genus level compared to HCs

Positive correlation of genus Actinobacillus and
family Veillonellaceae with right middle frontal
gyrus volume in FEP

SCZ: At the phylum level, Proteobacteria. At the
genus level, Anaerococcus increased; Haemophilus,
Sutterella and Clostridium decreased.
Ruminococcaceae correlated with lower severity of
negative symptoms

SCZ FMT: psychomotor hyperactivity, impaired
learning and elevation of the kynurenine—kynurenic
acid pathway of tryptophan degradation in both
periphery and brain, and increased basal
extracellular dopamine in prefrontal cortex and
5-hydroxytryptamine in hippocampus compared to
HC FMT

(128)

(129)

(68)
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Table 6.1 (cont)

Design, number

Open-label single-arm trial
of 4 weeks of
Bifidobacterium breve A-1.
29 SCZ

Translational

SCZ (n=63), 58
antipsychotics

HC (n=69), sex, age, BMI
matched

FMT: from 5 randomly
selected

SCZ and 5 matched controls

Male GF mice

Longitudinal (24 weeks of
risperidone treatment)

First episode SCZ (n=41
patients completed 24
weeks)

41 matched HC (baseline
only)

Cross-sectional
High-risk (HR)
subjects (n=81)
All drug naive
Ultra-high-risk (UHR)
subjects (n=19)
69 HC

Cross-sectional
SCZ (n=64)
HC (n=53)

Longitudinal (12 months)

FEP (n=28), 26
antipsychotics

HC (n=16)

Results

At 4 weeks: HADS total score and PANSS anxiety/
depression score were significantly improved (12
responders and 17 non-responders)

SCZ: decreased a-diversity index, Veillonellaceae and
Lachnospiraceae associated with SCZ severity,
Aerococcaceae, Bifidobacteriaceae, Brucellaceae,
Pasteurellaceae and Rikenellaceae discriminated
SCZ from HCs with 0.769 area under the curve

GF SCZ FMT: elevated glutamine in serum and
hippocampus, decreased glutamate (glutamic
acid) in stool and hippocampus, GABA increased
in hippocampus, altered lipid profile in serum
and hippocampus

Behaviour: increased startle responses, locomotor
hyperactivity, decreased anxiety and depressive-
like behaviours

Lower numbers of faecal Bifidobacterium spp.,
Escherichia coli, Lactobacillus spp. and higher
number of Clostridium coccoides compared to HC

After 24 weeks of risperidone treatment, increase in
weight, BMI, fasting glucose, triglycerides, LDL,
hs-CRP

Changes in faecal Bifidobacterium spp remained
stable after controlling for confounding variables

Increased Clostridiales, Prevotella and Lactobacillus
ruminis in faecal samples

Increased level of choline in ACC in UHR

No sig. differences between HR and HC groups

SCZ: Phylum level: relative abundance of
Proteobacteria was significantly increased vs. HC
At the genus level: Succinivibrio, Megasphaera,
Collinsella, Clostridium, Klebsiella and
Methanobrevibacter were significantly higher
vs. HC
Blautia, Coprococcus, Roseburia was decreased
vs. HC

FEP: family level; Lactobacillaceae,
Halothiobacillaceae, Brucellaceae and
Micrococcineae increased

Veillonellaceae decreased

Ref
(19)

(80)

(130)

(131)

(132)
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Table 6.1 (cont)

Design, number

14-week, double-blind,
placebo-controlled

L. rhamnosus strain GG and

B. animalis subsp. lactis Bb12

SCZ (n=56)

Probiotic (n=30)

Placebo (n=26)

(same cohort as Dickerson
et al. 2014)

Two case-control cohorts
(n=947)

SCZ (n=261), including:

FEP (n=139, 78
antipsychotic naive)

Bipolar (n=270)

HC (n=277)

Cross-sectional

SCZ (n=16). HCs (n=16)

Differences in smoking and
BMI between groups

Cross-sectional

SCZ (n=41). HC (n=33)

Differences in smoking, BMI
and age

14-week, double-blind,
placebo-controlled

Results

FEP: genus level; Lactobacillus, Tropheryma,
Halothiobacillus, Saccharophagus, Ochrobactrum,
Deferribacter and Halorubrum increased

Anabaena, Nitrosospira and Gallionella decreased

Lactobacillus group bacterial numbers correlated
positively with severity of psychotic symptoms
measured by BPRS and negatively with GAF scale

No sig. differences in serum markers

SCZ: in males — reduced C. albicans antibodies,
S. cerevisiae were not altered

Trends towards improvement in the PANSS positive
symptom subset score in males treated with
probiotics who were seronegative for C. albicans

No differences in C. albicans exposures until
diagnostic groups stratified by sex

SCZ: males; C. albicans seropositivity conferred
increased odds (OR 2.04-9.53) for SCZ

SCZ: females; C. albicans seropositivity conferred
increased odds (OR 1.12) for lower cognitive
scores on RBANS with significant decreases on
memory modules

C. albicans 1gG levels were not impacted by
antipsychotics. Gl disturbances associated with
elevated C. albicans in SCZ males and bipolar
females

SCZ: higher proportions of Firmicutes, Ascomycota,
Bifidobacterium and Lactobacilli (largest effect in
L. gasseri)

SCZ: increased Candida and Eubacterium and
reduction of Neisseria, Haemophilus and
Capnocytophaga

SCZ: increased number of metabolic pathways
related to metabolite transport systems including
siderophores, glutamate and vitamin B12

SCZ: increased L. phage phiadh (controlling for age,
gender, race, socioeconomic status and smoking)

No sig. differences in the PANSS

Ref

(98)

(133)

(135)
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Table 6.1 (cont)

Design, number Results Ref
L. rhamnosus strain GG and Probiotic: significantly less likely to develop severe
B. animalis subsp. lactis bowel difficulty
Bbi12 Probiotic: reduced serum levels of von Willebrand
SCZ (n=65), 33 probiotic, 32 factor (VWF), increased MCP-1, BDNF, T-cell-
placebo specific protein RANTES
All on antipsychotic
medication

SCZ: schizophrenia, GF: germ-free, PANSS: Positive and Negative Syndrome Scale, BPRS: Brief Psychiatric Rating
Scale, GAF: Global Assessment of Functioning scale, BMI: body mass index, GI: gastrointestinal, RBANS: Repeatable
Battery for the Assessment of Neuropsychological Status, FEP: First Episode Psychosis, FMT: Faecal Microbiota
Transplantation, GABA: gamma-aminobutyric acid, SANS: Scale for the Assessment of Negative Symptoms, CRP:
C-reactive protein, HDL: high-density lipoprotein, LDL: low-density lipoprotein, vVWF: von Willebrand factor, MCP-
1: monocyte chemotactic protein-1, BDNF: brain-derived neurotrophic factor, QPCR: quantitative polymerase
chain reaction, SOD: anti-oxidant superoxide dismutase, HC: healthy controls, ACC: anterior cingulate cortex.

Gut Microbiome

Most of the human body’s microbes reside in the gastrointestinal tract (GIT). The vast
majority are bacteria, predominately from the phyla Firmicutes, Actinobacteria and
Bacteroidetes, with lower relative abundances of Verrucomicrobia and Proteobacteria (31).
Viruses and bacteriophages, protozoa, archaea and fungi are also present but in much smaller
proportions. Fungal populations or the mycobiome within the microbiota comprise 0.001-
0.1% of the total gut microbiome and are dominated by yeasts including Saccharomyces,
Malassezia and Candida and yeasts in the family Dipodascaceae (Galactomyces, Geotrichum,
Saprochaete) (32). There are also an estimated 10'? virus-like particles in the human gut (33).
A multitude of environmental factors influence the gut microbiota, including diet (34),
exercise (35), medications (36) and to a lesser degree genetics (37). Because of the vast
individual differences between the gut microbiomes of healthy people, defining a healthy
gut microbiome is a major ongoing challenge (38, 39). Nevertheless, it is generally thought
that a more diverse gut microbiome is beneficial for health (40, 41).

Gut Microbiome Acquisition and Maturation

Microbial acquisition occurs during delivery and undergoes reorganisation during the early
developmental phase (42). Delivery mode (43), feeding mode (breast or formula) (44),
antibiotic usage (45) and nutrition (46) influence the trajectory of gut microbiota acquisi-
tion during the early phase of development. Pre-clinical studies indicate that the signalling
pathways of the MGB axis play a role in shaping the trajectory of early postnatal brain
development and function (47, 48). In humans, the mechanistic pathways are less clear, but
studies in infants show associations between the gut microbiota and elements of cognition
and behaviour during the early developmental phase (49-55). Maternal malnutrition and
infection, obstetric complications and childhood infections increase the risk of schizophre-
nia, but it is not yet known whether aberrant MGB-axis signalling combines with these risk
factors to increase susceptibility to schizophrenia.
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Communication Channels: The MGB Axis

The MGB-axis signalling pathways include: stimulation of components of the immune system
(56), vagus nerve activation (57), production of circulating microbial metabolites (e.g. short-
chain fatty acids (SCFAs) and/or microbial induction of host molecules) (58), amino acid
derivatives (catecholamines, other indole derivatives and p-cresol), secondary bile acids, stimu-
lation of enteroendocrine cells and enteric nervous system signalling (59), tryptophan metabol-
ism (60), and the hypothalamic-pituitary—adrenal (HPA) axis (6). Some of these signalling
pathways may indirectly influence the trajectory of certain domains in schizophrenia.

The MGB Axis, the Inmune System and Schizophrenia

It has been proposed that a genetically programmed subtle alteration in the immune system,
in combination with a precisely timed pathogen exposure (particularly during pregnancy or
childhood), may amplify susceptibility to schizophrenia (4). Sub-groups of people across all
stages of schizophrenia exhibit a low-grade inflammation profile, both peripherally and
centrally, including those without medication (4). However, a multitude of factors (e.g.
obesity, smoking, APs, stress) influence immune system function, and the source of
low-grade inflammation and relevance to underlying pathophysiological processes in
schizophrenia are still not fully clear. Regardless of causality, immune system dysregulation,
whether primary or secondary, could exacerbate other factors which negatively impact health
outcomes in schizophrenia.

It is well established that the gut microbiome modulates immune system homeostasis by
maintaining proinflammatory and anti-inflammatory signalling in the GIT. A lack of
balanced gut microbiota may contribute to immune dysregulation. Bifidobacteria may be
of particular importance in immune programming during early development (61, 62). Sub-
groups of people with schizophrenia may have altered antibody (IgM/IgA) responses to gut
bacteria (63) and altered gut barrier function (64, 65). A recent study showed that people
with schizophrenia (n=84) had altered gut microbiota profiles, including reduced gut
microbiota richness (total number of species in a sample) and increased faecal IgA levels
and glutamate synthase levels compared to healthy controls (66).

The MGB Axis, Serotonin (5-HT) and Tryptophan—Kynurenine
Pathway and Schizophrenia

Tryptophan is an essential amino acid and the precursor for serotonin (5-HT). The
kynurenine pathway (KP) is an alternative metabolic route for tryptophan. Under normal
physiological conditions, approximately 99% of tryptophan is metabolised to kynurenine.
The gut microbiome exerts influence over the immune- and stress-sensitive KP enzymes at
multiple levels of the gut-brain axis (60). Gut microbiota can metabolise tryptophan
directly and shift its accessibility to the KP. Sub-groups of people with schizophrenia exhibit
altered tryptophan-kynurenine metabolism (67) and the gut microbiota-immuno-KP
pathway may play a contributory role in schizophrenia. A study using antibiotic-treated
mice that received FMT from medication-free people with schizophrenia exhibited psycho-
motor hyperactivity and cognitive deficits associated with elevated kynurenine-kynurenic
acid pathway of tryptophan degradation in both periphery and brain, as well as increased
basal extracellular dopamine in prefrontal cortex and 5-HT in the hippocampus, compared
to mice that received FMT from healthy controls (68).
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The MGB Axis, Neuromodulators and Schizophrenia

The gut microbiome is essential for healthy brain development and function. GF
rodents display deficits in neuroplasticity (50), neurotransmitter signalling (49), mye-
lination patterns (69) and blood-brain barrier integrity (70). Dopaminergic dysfunc-
tion is a key pathophysiological process underpinning the manifestation of psychotic
symptoms (hallucinations and delusions). GF and antibiotic-treated mice exhibit
altered dopaminergic neurotransmission in certain brain regions (71-73). The gut
microbiota also influences glutamatergic (74-76) and GABA pathways in rodents
(77-79).

An FMT study showed that gut microbiota transfer from individuals with
schizophrenia to GF mice modulated the glutamate-glutamine-GABA cycle associated
with increased startle responses and locomotor hyperactivity (80). This study found
elevated glutamine in the serum and hippocampus and decreased glutamate (glutamic
acid) in the stool and hippocampus in GF mice that received the FMT from patients
with schizophrenia compared to healthy controls (80). This study also showed that
GABA was increased in the hippocampus in GF mice that received the FMT from
schizophrenia patients (80). Collectively, these pre-clinical studies suggest that neurode-
velopmental processes of direct and indirect relevance to the neurodevelopmental trajec-
tory of certain features of schizophrenia are under the partial influence of MGB-axis
signalling.

The MGB Axis, the Stress Response and Schizophrenia

An accumulation of stressors, particularly during sensitive neurodevelopmental periods,
increase the risk of mental health disorders. Early life stress is a risk factor for the
development of schizophrenia (81), and stressors can precipitate psychotic relapses or
more intense psychotic experiences (82). Pre-clinical studies suggest that the gut micro-
biota signature acquired and maintained during the pivotal early developmental stage
may affect stress sensitivity, in part via the HPA axis, the main neuroendocrine regulator
of stress responses (6). This MGB-axis modulation of stress sensitivity may influence
multiple aspects of behaviour including social interaction (8-10) and cognitive function
(7). Psychosis tends to present to mental health services during adolescence, a period with
an additional burden of stress. Indeed, certain gut microbiome configurations or diet-
MGB-axis configurations may form part of the resilience system to help counteract the
impact of stress (83, 84). Conversely, other gut microbiota configurations, perhaps those
including reduced diversity, may reduce stress resilience, which could interact with other
factors to alter stress sensitivity thresholds. However, it is not yet known whether micro-
bial signature aberrations in conjunction with stress serve as additional risk factors or
mediators in psychotic relapses.

Altered Gut Microbiota Profiles in Schizophrenia

A growing number of clinical studies show that different stages of schizophrenia are associ-
ated with altered gut microbiota profiles (Table 6.1). These studies are limited by small sample
sizes and confounding factors (e.g. diet and medications) and variable methodologies.
A specific gut microbiota signature associated with schizophrenia has yet to emerge.
Nonetheless, FMT studies in schizophrenia indicate that altered gut microbiota induce
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changes in behaviour and brain neurochemistry that overlap with aspects of schizophrenia.
Apart from the aforementioned FMT studies suggesting a physiological role of the gut
microbiota in the modulation of the glutamate-glutamine-GABA (80) and tryptophan-
kynurenine pathways (68), a recent study using a medication-free transplantation of
a schizophrenia-enriched bacterium, Streptococcus vestibularis, induced deficits in social
behaviours and hyperactivity in mice and altered serum and gut neurotransmitter levels (85).

Antipsychotics and the MGB Axis

Pre-clinical (86, 87) and clinical studies (26, 88-90) demonstrate that APs alter the gut
microbiota, but the physiological implications have yet to be fully disentangled. There are
indicators mainly from pre-clinical studies that the gut microbiota may play a mediating
role in the metabolic side effects of APs (27, 28). FMT from risperidone-treated mice
to risperidone-naive recipients resulted in a 16% reduction in total resting metabolic
rate (91). In an adolescent clinical cohort, chronic risperidone treatment was associated
with an increase in body mass index and a significantly lower ratio of Bacteroidetes
to Firmicutes compared to AP-naive psychiatric controls (92). In the first episode,
drug-naive patients with schizophrenia, 24 weeks of risperidone altered the gut micro-
biota profile and resulted in weight gain, increased C-reactive protein and increased
fasting lipids and glucose (88).

Similarly, chronic olanzapine treatment altered gut microbiota composition and
induced significant bodyweight gain in female rats, while both males and females had
olanzapine-induced increases in adiposity (86). Pre-treatment with an antibiotic cocktail
attenuated this weight gain (87). Another study using GF mice demonstrated that the gut
microbiome is necessary and sufficient for weight gain caused by oral olanzapine, which
shifted the microbiota profile towards an ‘obesogenic’ bacterial profile (93). Weight gain was
attenuated when olanzapine was co-administered with prebiotics. The prebiotic B-GOS,
known to induce the growth of beneficial bacteria, including Bifidobacteria, reduced weight
gain in olanzapine-treated rats (94). Although the sample size is too small to draw conclu-
sions, preliminary analyses from 25 chronically treated clozapine patients and 9 healthy
controls showed the relative abundance of the phylum Proteobacteria and class
Gammaproteobacteria was increased in schizophrenia patients taking clozapine (29).
Larger sample sizes will be required to elucidate the precise MGB-axis configurations
needed to mitigate the metabolic burden of APs or conceivably mediate the inter-
individual variability in AP response. An interesting avenue of further exploration would
be to explore the potential mediating role of the MGB axis on metformin and glucagon-like
peptide-1 agonists in AP-induced metabolic dysregulation.

Microbiota Interventional Studies in Schizophrenia

There is a paucity of well-powered, high-quality clinical trials of microbial-based thera-
peutic interventional studies in schizophrenia. Studies conducted to date show mixed
results (95). An open-label, single-arm study (n=29) of bifidobacterium breve A-1 suggested
a benefit in anxiety and depressive symptoms in schizophrenia, but the lack of placebo
precludes definitive conclusions (19). Notwithstanding the recent negative clinical trial of
vitamin D augmentation in schizophrenia (96), a smaller study (n=60) showed that admin-
istration of a probiotic cocktail (Lactobacillus acidophilus, Bifidobacterium bifidum,
Lactobacillus reuteri and Lactobacillus fermentum) and vitamin D for 12 weeks to people
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with chronic schizophrenia had beneficial effects on the general and total Positive and
Negative Syndrome Scale (PANSS) score and metabolic profiles compared to placebo (20).

An earlier 14-week, randomised, double-blind, placebo-controlled trial (n=65) of
L. rhamnosus strain GG and B. animalis subsp. lactis strain Bb12, added to AP treatment,
improved gastrointestinal symptoms and increased levels of serum brain-derived neuro-
trophic factor (BDNF) but did not impact positive or negative symptoms (21, 97, 98). In
contrast, a randomised parallel design reported that patients hospitalised for a manic
episode (n=66) who received 24 weeks of adjunctive probiotics (L. rhamnosus strain GG
and B. animalis subsp. lactis strain Bb12) had lower rates of re-hospitalisation compared to
the group that received the placebo (99). A pilot trial of B-GOS in 39 non-hospitalised adult
participants with psychosis reported an improvement in subtests of executive function,
though this may have been influenced by learning effects (100). Interestingly, a well-
powered (n=207) randomised controlled trial of minocycline augmentation (known to
reduce the diversity of gut microbiota) in early stage schizophrenia spectrum disorder did
not impact symptoms or biomarkers (101). There are early indicators from open-labelled
studies that microbial-based therapies may improve aspects of autism spectrum disorder
(102, 103). We await larger trials to determine whether this will translate into tangible
clinical benefits for patients.

Nutraceuticals

Despite the poor-quality dietary patterns and nutritional deficits associated with
schizophrenia (104), clear benefits of nutraceuticals/supplements have not been demon-
strated (96, 105-108). A recent well-powered, double-blind, randomised, placebo-
controlled trial found no association between vitamin D supplementation and mental health
or metabolic outcomes at 6 months in people with early psychosis, even though participants
had low vitamin D levels (96). Similarly, Coenzyme Q10 (106), B-vitamin supplementation
(108) and w-3 polyunsaturated fatty acids (107) have not shown therapeutic benefits in
various stages of schizophrenia. Given the complexities, it is perhaps unsurprising that
a single intervention would be effective in such a complex heterogeneous neurodevelop-
mental disorder. However, there are broad diet-MGB- and exercise-MGB-axis patterns
that are optimal for homeostasis that if consistently and rigorously applied could improve
health outcomes in schizophrenia.

The MGB Axis, Diet and Schizophrenia

Diet quality is one of the main contributors to human health (109). Maternal nutrition over
the early developmental phase is especially important (110). There is increasing recognition
that diet, via multiple overlapping biological pathways, may be a modifiable risk factor for
mental health disorders. There are dietary patterns that are optimal for mental health, such
as plant-based diets with a high content of grains/fibres, fermented foods and fish (111, 112).
Conversely, it is established that processed or fried foods, refined grains and sugary
products are broadly detrimental to mental health.

Diet is the primary contributing factor to the gut microbiome (34) and can rapidly alter its
composition. Certain dietary patterns are associated with gut microbial signatures. The
Mediterranean diet, characterised by high amounts of plant-based foods (fruit, vegetables,
nuts, beans, seeds and grains), olive oil and dairy products, and low to moderate amounts of
fish and poultry, is associated with increased levels of faecal SCFAs, Prevotella and
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some fibre-degrading Firmicutes (113), and may have mental health benefits. Lower
gut microbiota diversity is associated with low-fibre Western diets (114, 115), whereas
high-fermented-food diets may increase microbiota diversity, decrease inflammatory
markers (116) and alter tryptophan metabolites (117).

Most of the preliminary clinical studies in schizophrenia (Table 6.1) show reduced gut
microbiota diversity, but few studies captured detailed dietary information. People with
schizophrenia tend to have diets characterised by a high intake of saturated fat and a low
consumption of fibre and fruit, higher dietary energy and sodium intake (104), and a lower
adherence to Mediterranean diets (118, 119).

The mechanisms underlying poor diet in schizophrenia are complex, multifaceted and
involve interacting central, peripheral and environmental influences. The initiation or re-
initiation and maintenance of more optimal diet-MGB patterns is particularly challenging
in people with schizophrenia and it is intriguing to consider the role of MGB-axis signalling,
not only in homeostatic and energy metabolism in schizophrenia but also in the contribu-
tion to the regulation of reward-related feeding behaviour (120). Indeed, obesity-related
MGB-axis signatures may be associated with reward processing (121). A recent study in
obese but otherwise healthy adults showed that obesity was associated with an increase in
the Prevotella to Bacteroides ratio and a decrease in faecal tryptophan (121). The Prevotella
to Bacteroides ratio was positively correlated with resting state functional connectivity in the
nucleus accumbens (a region involved in reward processing) and negatively correlated to
faecal tryptophan (121). A recent general-population cohort (n=786) study showed an
association between alpha-diversity (variation within a single sample) and another system
involved in reward processing — the endocannabinoid system — with measures of anhedo-
nia/amotivation mediated by faecal levels of the palmitoylethanolamide (the endogenous
equivalent of cannabidiol) (122).

MGB—Exercise Axis in Schizophrenia

Physical inactivity, potentially compounded by negative symptoms and AP side effects, is
a major contributor to poor health in people with schizophrenia. Exercise can enhance
(stress) resilience, improve mood and improve cardiorespiratory fitness in schizophrenia,
and may play a preventative role in mental health disorders. There is an intersecting
relationship between exercise and the MGB axis (35). In addition to influencing glucose
(22) and lipid variability (25), the gut microbiota may mediate exercise-induced improve-
ments in glucose homeostasis and insulin sensitivity (123), possibly via modulation of
SCFAs (124).

Conclusions and Future Perspectives

As outlined in this chapter, the gut microbiome, at the intersection of immune, metabolic
and endocrine pathways, plays a vital role in health. Animal studies have shown that the
signalling pathways of the MGB axis partially modulate important processes in brain
development and function, including aspects of cognition-, social and stress-related behav-
iour. Studies in human infants demonstrate associations of gut microbiota patterns with
components of cognition and behaviour during the early developmental phase, but the
precise relevance to schizophrenia is not yet clear. Some of the risk factors for the develop-
ment of schizophrenia interact with elements of the MGB axis. However, large longitudinal
population-based studies from birth, with extensive follow-up periods, will be required to
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determine whether subtle deviations of the MGB axis at birth and over the early develop-
mental period combine with other vulnerability factors to increase the risk of schizophrenia.

The emerging clinical studies showing altered gut microbiota signatures in people with
schizophrenia compared to healthy controls need to be considered in the context of the
heterogeneity of schizophrenia and the extensive inter-individual differences in the gut micro-
biota of healthy people. Larger studies using consistent methodologies will decipher whether
there is a specific gut microbiota signature associated with schizophrenia. However, the
dysregulated MGB-axis patterns (and the manifestations in animal models) may signify sub-
optimal homeostasis, which can be targeted by microbial-based therapeutic approaches. Future
well-powered clinical trials of microbial-based therapeutics that harness the synergistic relation-
ship with diet, exercise and other lifestyle factors (perhaps assisted by digital health platforms)
may optimise the chances of delivering tangible health benefits for people with schizophrenia.
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Recognising the Importance
of Nutrition for Child and
Adolescent Mental Health

Kathrin Cohen Kadosh and Nicola Johnstone

Summary

In recognising the importance of nutrition for child and adolescent mental health,
we describe how the gut microbiome is a valuable organ that contains a wealth of
potential mechanistic explanations for understanding the development of child
and adolescent mental health and as a therapeutic target. The gut microbiome
contains trillions of microorganisms that are influenced by not only the food we
eat but also the environment in which we live, and this has implications for the
functional potential of these microorganisms in sustaining the immune system
and metabolic homeostasis. Moreover, a decade of research has shown that there
are functional bidirectional pathways linking the gut microbiome and the brain.
Herein we postulate that understanding child and adolescent mental health may
be advanced by situating research within the conceptual framework of the
microbiome-gut-brain (MBA) axis.

To illustrate how the MBA axis can enhance our understanding of the development

of mental health, we describe how first milks may set the trajectory for later
psychological development and how dietary interventions may prove effective
across childhood. Critically, we highlight periods of development in which the
gut microbiome may be influential. Finally, we discuss how multidimensional
research approaches will be invaluable to further understanding and develop
effective treatments for child and adolescent mental health.

The transitional period from childhood to adulthood is marked by a multitude of changes in
social and cognitive abilities and brain maturation, as well as genetic and hormonal changes
(1). One implication of these many changes is that they increase the risk of developing
mental health problems, such as anxiety or depression (2-4). Moreover, there is the risk that
maladaptive behavioural patterns can become persistent while brain networks mature (5, 6).
Supporting adolescents during this transition has important implications not only for an
individual’s lifelong well-being but also with regards to the significant social and economic
burden that mental health problems place on society (7). Despite these implications, little is
currently known about how these developmental changes work together to increase the risk
of developing mental health problems. One explanation for this lack of progress is that
current research approaches have yet to integrate the important role that nutrition, and by
extension a healthy gut microbiome, plays during this developmental period.
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The gut is dominated by microorganisms including bacteria, archaea, yeasts, viruses and
protozoa, and the term ‘gut microbiome’ refers to the combined genetic material of these
organisms (8). The potential of the gut microbiome to influence development is inferred from
multiple bidirectional systems connecting to and from the brain, including neural, endocrine
and immune pathways (9-12), commonly called the microbiome-gut-brain (MGB) axis. The
last decade has seen considerable interest in the MGB axis, with many recognising its therapeutic
potential for a wealth of pathologies — not only for physical health but also for mental health.

To date, much of the research on the MGB axis has focussed on understanding the
composition of the gut microbiome (which can be thought of as the combination of the
presence and balance of groups of trillions of possible microorganisms) and how variations in
gut-microbiome composition relate to brain function and responsiveness and, by extension,
behaviours in health and disease. The efforts of these endeavours are to identify novel
mechanisms that underpin behaviours to stimulate different approaches to treating or even
preventing pathologies in physical and mental health. This is particularly exciting for research
studying human development, where extended periods of maturation offer increased levels of
plasticity and opportunities to shape emerging behaviours and brain networks as they mature.
Moreover, children and young people are very interested in using nutrition to shape their own
health, particularly adolescents who seek ways to cope with a myriad of changes (13).

It has been suggested that the composition of the gut microbiome influences not only
postnatal brain development but also brain responsiveness and function across the lifespan
(14, 15), with gut microbiota regulating gene expression and release of metabolites in the
brain (16, 17). Critically, there are a number of sensitive periods in childhood and adoles-
cence (18) when the gut-brain axis is fine-tuned and when we can use dietary intervention
to change the gut microbiome (19). Yet despite much research effort characterising the
effects of gut-microbiome composition on behaviour and mental health (20, 21), research
into development is sparse (22-24). More research is now needed to investigate the
psychoactive properties of the gut microbiome in development.

Setting the Trajectory of the Developing Gut—Brain Axis

Brain development is most prolific in the first 2 years of life (25), yet little is known about how
early infant feeding practices, in terms of first milks (mothers’ own breastmilk, donated
breastmilk, formula compositions or a combination of each) and the onset of complementary
feeding, influence the development of the nervous system (including the brain) in the longer
term. The gut microbiome is seeded during birth (26, 27) and subsequently diversifies with
the intake of first milks and other environmental factors that reflect interactions with
microorganisms (28). Beyond this, the gut-microbiome composition proceeds though
a series of stages over several years signified by the introduction of complementary foods
(29), the reduction of first milks and the diversification in diet in toddlerhood (30), before
reaching an adult-like state of diverse composition around at around 2-3 years (31).
Regarding first milks, there are differences in the make-up of the gut-microbiome compos-
ition of infants fed breastmilk and those who are not. Primarily, infants fed breastmilk have
a less diverse gut-microbiome composition but one that is dominated by probiotic bacteria
(32). Strikingly, one of the biggest transition events evident in the composition of the gut
microbiome is the cessation of breastmilk (33). Although there is a dearth of evidence in this
area, the available research suggests that breastmilk is strongly represented in the gut-
microbiome composition for as long as it is provided, including into toddlerhood and
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beyond. This poses an interesting question about the utility of breastmilk via the gut-brain
axis in ongoing brain development, as a significant body of research has shown that gut
microorganisms are important in stimulating the building blocks of the nervous system to
affect how the brain develops over time (15).

Bioactive Potential of Breastmilk in the Gut Microbiome

The MGB axis is a framework for understanding homeostasis via bidirectional communi-
cations between the gut bacteria and host systems. There is a wealth of studies showing how
supplementing the diet influences the gut bacteria to induce changes in emotional behav-
iour (13, 34) and cognition (35, 36), showing that food consumption influences behaviour
via the MGB axis. The gut microbiome is an important catalyst in steering developmental
trajectories that rapidly occur in early childhood. Studies of the gut-microbiome compos-
ition in infants less than 1 year old show distinct differences in gut-microbiome compos-
ition depending on the type of milk received (37, 38) and on milk delivery method (e.g.
expressed or breast) (39). Breastmilk is thought to contribute to the development of the gut-
microbiome composition via transformative effects of bioactive properties rather than
direct transfer of milk bacteria to the gut. For example, there are common bacterial strains
between human milk and gut microbiota, but this relationship lessens when milk is
expressed (40). Further, women of distinct ethnicities have distinct breastmilk microbiota,
but these differences are not reflected in their infant’s gut microbiome (41). In a similar line,
the addition of pro- or prebiotic compounds to formula milks does not replicate a gut
microbiome nourished by breastmilk (42). Bioactive components in human milk are
therefore critical for shaping the gut-microbiome composition.

Breastmilk has a wealth of bioactive properties that shape the development of multiple body
systems including the nervous, endocrine and immune systems (43). For example, breastmilk
has antibodies, growth factors, lactoferrin and human milk oligosaccharides (HMOs), in
addition to nutrients (44). HMOs are diverse prebiotic bioactive compounds with various
functional potentials in the gut microbiome (45). HMOs function as decoys against pathogens
(46) and grow specific species and strains of Bifidobacteria that are important in developing
intestinal homeostasis and immune responses (47). The critical aspect of HMOs is that, to date,
the bioactive potential has not been replicated. While prebiotic fortified infant milk formulas
can induce a Bifidobacteria dominant microbiome, this does not replicate a gut microbiome
grown by HMOs, which needs a complex set of enzymes working in harmony to break down
HMO chains (48). The abundance of HMOs decreases over time, but this does not correlate to
decreases in dominant bacteria in the gut microbiome (49), illustrating a relationship of
optimal microbe-host co-evolution (50) (Figure 7.1).

Bioactive Potential of Breastmilk in Psychological Development

Breastmilk has specific bioactive properties that have the potential to shape psychological
development via bidirectional communications between the gut microbiome and the brain,
which can influence the trajectory of neural development and in turn influence cognition
and psychological behaviours. This process has been termed Lactocrine-programming (51)
and is the epitome of personalised nutrition (52, 53). Breastfeeding has long been linked to
improvements in cognitive outcomes (54), but it is not well understood how. There has been
considerable debate in the literature about the magnitude of effect on cognition by breast-
feeding and confounding with other relevant factors including maternal, paternal, child and
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Figure 7.1 Layers of developmental progression from birth to adulthood at the level of the brain, gut microbiome,
maladaptive psychological symptoms and external environmental events. Pivotal cross-layer events in development
are signified by the cessation of first milks, onset of puberty and brain maturation.

environmental characteristics. However, effects appear persistent into early adolescence
after accounting for alternative explanations (55).

With regard to emotional development, there have been several large population cohort
studies linking breastfeeding to better emotional outcomes in comparison to those never
breastfed in Brazil (56), Australia (57), Ireland (58) and the UK (59, 60). For example, the
millennial cohort studies of the UK found longer breastfeeding duration was associated with
fewer parental-rated behavioural problems in term-born children aged 3, 5, 7, 11 and 14
years of age. However, similar confounding issues are encountered in emotional develop-
ment. For example, the 2005-7 Infant Feeding Practices Study II with 6-year follow-up also
found at age 6, when compared with children who were never breastfed, those who were
breastfed for at least 6 months and exclusively breastfed for at least 3 months had decreased
odds of difficulties with emotional symptoms, conduct issues and total difficulties
overall. Yet, adjusting for potential confounding factors eliminated the positive associations
of breastfeeding (61).

Rather than dismiss the positive associations between breastfeeding and emotional and
cognitive development as so small as to be immaterial, or as an additive bonus to desirable
characteristics of the environment and parental fortunes, we should remember that
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breastmilk is a complex, bioactive and personalised food that emerging research is only just
beginning to understand and that it will be better understood within the context of the gut-
brain axis. The gut-microbiome composition has established links to cognitive and emotional
development in animal models, with evidence emerging in human studies too. For example,
specific gut-microbiome characteristics have been associated with continued breastfeeding at
1 year old and improved cognitive function at 2 years old (22) and reduced fear reactivity in
behaviour (62). Critically, the gut-microbiome composition has also been associated with
functional connectivity in brain regions that link neural processing to behavioural effects (63)
and shows alterations due to early life stress that may alter the trajectory of psychological
development (64). Herein, showing how the bioactive property of breastmilk continues to
contribute to cognitive and emotional development via the gut microbiome could transform
understanding of human developmental trajectories.

Gut-Microbiome Maturation in Early Childhood

The maturation of the gut microbiome co-evolves with host physiology to prime and
influence the development of biological processes (48). A multitude of perinatal factors
shape the trajectory of gut maturation in early childhood (65), with the gut microbiome of
infants considered ‘matured’ (e.g. in an adult-like state) following a process of bacterial
succession from birth to 2-3 years of age (31). The stages of early succession in the
first year of life are well documented (66), but recent evidence suggests maturation may be
prolonged throughout early childhood. In a longitudinal study with children aged 3 months
to 4 years, three distinct phases of the gut-microbiome progression were characterised: (i)
a developmental phase (3-14 months), (ii) a transitional phase (15-30 months) and (iii)
a stable phase (31-46 months) (67). This extended maturational process is unsurprising
considering early childhood is a period of rapid development of many body systems (e.g.
nervous system), which the gut microbiota mirrors.

This poses a question about the sensitivity of the gut microbiome to external influence
during this extended period, particularly in the transitional phase (aged 15-30 months). The
gut-microbiome composition is responsive to external influences with significant effects
from breastmilk and environmental factors, including geographical location and household
members (e.g. siblings and pets) (67). While the longitudinal study retained a small number
of breastfed toddlers at the later testing points (10% at 15 months, dropping to 6% at around
2 years plus), there is otherwise a notable absence of children who are breastfed beyond early
infancy in studies of gut-microbiome maturation. This is important because the bioactive
components of breastmilk temporally adapt to the needs of the breastfed child to protect
against pathogens and support immunological function and brain development, and may be
significant in the transitional phase (15-30 months) of gut-microbiome maturation in
toddlers. Deeper understanding of the biological mechanisms activated by breastmilk to
support optimal development would help clarify the developmental trajectories in health
and disease (Box 7.1).

The Gut Microbiome in Mid-Childhood and Adolescence: Implications
for Mental Health

The transition from childhood to early adulthood has long been understood to be a period
of increased risk for mental health problems, with two-thirds of all mental health problems
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Box 7.1 Open Question: Breastfeeding beyond Infancy and Developmental
Implications

From around 6 months of age, infants require additional nutrients to first milks in the form of
food to support growth and development via processes initiated in the gut microbiome (68).
Infants who continue to be breastfed after this time have a different gut-microbiome com-
position to those not receiving breastmilk (38), showing breastmilk has a persistent influence
on the gut microbiome alongside solid foods. Additionally, dietary differences in food types
consumed (e.g. plant-based or dairy) by young children have also been found in the gut-
microbiome composition (69-71). Yet, no study to date has considered breastmilk in relation
to food intake in the gut-microbiome composition of young children. Research on breastmilk
composition produced for children beyond their first year illustrates a wealth of protein, fat
and vitamin availability (72, 73), and immuno-protective factors (74) to support healthy
development. Moreover, studies estimate breastmilk contributes up to one-third of daily
calorie intake in toddlers’ diets (74, 75), highlighting a substantial energy source. While all
mammal milks are comparably rich sources of nutrients (76), only human milk temporally and
responsively adapts composition to meet the child’s needs (77). Herein, breastmilk has the
potential to form a critical part of toddlers’ diets. To understand how the bioactive potential of
breastmilk shapes gut-microbiome composition in toddlers’ diets and subsequent develop-
ment, nutrient intake from food at this age should be considered.

emerging before the age of 18 (78, 79). However, whereas much work has focussed on
describing the contribution of ongoing brain maturation during this period (6, 80-82), as
well as the role of changes in the social environment and peer relationships (1, 2, 83), little
progress has been made to date in using these findings to improve the outcome for the
individual. One possible reason for this lack of progress, in our view, is that we have so far
overlooked another important aspect in understanding the complex developmental inter-
play during this period, namely the gut microbiome and how gut bacteria influence brain
function (13). In our opinion, protective or adaptive gut-microbiome function in develop-
ment is important for three reasons, as we will explain in greater detail in the following
sections.

Psychobiotics

Psychobiotics are compounds, such as probiotics and prebiotics, that have the potential to
exert antidepressant or anxiolytic effects (84, 85). There is reliable evidence from animal
models but also a handful of high-quality human randomised control trials that show that
dietary interventions using psychobiotics are effective in changing gut-microbiome com-
position, leading to robust, reproducible, attenuating effects on anxious and depressive-like
behaviours (13, 34, 36). Probiotics have been used most commonly in this approach, with
beneficial effects identified in hormones (86), cognitive processing (21) and neural
responses in brain regions responsible for emotion processing and regulation (87). Recent
reviews and meta-analyses of such studies on probiotic effects for improving mental health
outcomes have found modest effects in reducing depressive symptoms (34, 88), although
there remains problematic between-study heterogeneity.

Prebiotic compounds have alternatively been deployed as psychobiotics in human
randomised control trials because prebiotics are able to circumvent potential issues while
adding non-native external probiotic bacteria to the host’s gut microbiome. Prebiotics
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stimulate the growth of probiotic bacteria, allowing adaptation of the gut-microbiome
composition to the host’s present condition. Human randomised control trials using
prebiotics have also shown reductions in indicators of stress and decreased attentional
vigilance to negative information in a dot-probe task (20). Given that anxious people
routinely exhibit increased biases towards negative information (89), this suggests that
probiotics, in this case galacto-oligosaccharide (GOS) intake, may be useful in modifying
anxiety-related psychological mechanisms.

This result was replicated in our recent randomised placebo-controlled trial of the effects
of GOS on indices of anxiety and well-being in young adult females (23). Here we found that
GOS supplementation over 4 weeks reduced trait anxiety and indicators of anxious behaviour
in the dot-probe task. These changes were mirrored by a significant shift in gut-microbiome
composition driven by relative Bifidobacterium abundance increases. Moreover, we found
that GOS supplementation influenced nutrient intake, such as a reduction in carbohydrate
intake in the GOS group (90). As psychobiotics are safe food compounds with no
adverse side effects, they may be effective therapeutic tools for low mood and anxiety.
These findings highlight the importance of understanding the interactive relationships
between gut-microbiome composition, GOS supplementation and its impact on diet
longer term in order to establish directional predictions for interventions.

The Adolescent Gut Microbiome As a Window for Intervention

There is some evidence from animal research that adolescence represents a sensitive period
for fine-tuning the MGB axis. Within the context of anxiety in adolescence, animal models
have also provided new insights that could allow us to achieve a significant breakthrough in
supporting adaptive threat-learning and extinction outcomes in adolescence, and in particular
in anxious adolescents. In pathological anxiety, the acquired fear response to a threat becomes
persistent and maladaptive, and it has been suggested that a deficiency in extinction learning
plays a role in the maintenance of pathological anxiety (91). A recent study showed that a lack
of gut microbiota diversity interfered with adapting to threat responses in a mouse model
(92). This behavioural deficit was accompanied by changes in gene expression in cells in the
brain and alterations in the firing patterns and rewiring ability of neurons (92). Most
importantly, however, whereas adult mice regained the ability to adapt threat responses
once their microbiome had recovered, adolescent mice continued to exhibit a maladaptive
response, indicating that extinction learning did not take place and that this newly acquired
fear response persisted.

The behavioural evidence of threat-learning in human adolescence shows a similar
pattern (91, 93), which further highlights the importance of obtaining a better understanding
of the role of the gut microbiome in development in order to produce gut-microbiome-based
interventions. Similarly, there is evidence that the significantly stronger peer-orientation
during adolescence aids gut-microbiome diversification (94), which suggests that the
increased focus on interacting with peers could serve as a protective factor for both
gut-microbiome development and gut-brain axis maturation.

Acceptability

Gut-microbiome-based interventions are met with much interest by children and young
people, who welcome the opportunity for low-stigma interventions that can be imple-
mented at the kitchen table, in particular as most traditional diets already contain an
abundance of both prebiotic- and probiotic-rich ingredients. As recent focus-group work
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by our group has shown, two-thirds of young people have tried to use a psychobiotic
supplement or dietary intervention to improve their mental health problems (13). It
would therefore seem that this approach, if done correctly, is promising.

To conclude, the field of nutrition research holds potential for understanding children
and adolescent mental health. In particular, recent progress in the role of the MGB axis in
development has highlighted not only the important role the gut microbiome plays in
influencing both initial brain maturation and function but also its relationship to behaviour
and mental health across the lifespan. In order to build on this research and ensure that the
field maintains momentum and that we continue to build a bridge from successful animal
research to human models, it will be essential to adopt a multi-disciplinary and multilevel
approach, which considers the complex interplay of changes at multiple levels. Such an
approach is already being used in the field of developmental cognitive neuroscience (DCN)
to date. DCN research investigates how the complex interplay of genetic, environmental and
brain maturational factors shapes psychological functioning in development to improve the
outcome for the individual. Placed at the intersection of nature and nurture, the DCN
research approach always assumes a multilevel and multifactor approach to understanding
change which by definition is multi-disciplinary.

Given that the field of microbiome and gut-brain axis research is still emerging and
finding its shape, any real progress will depend on the adoption of a similarly comprehensive
research approach for pinpointing mechanisms and translation in both animal and human
models. Discussion must be given to specifying mechanisms, differentiating correlational
from causal explanations and addressing a priori realistic outcomes. Moreover, there needs to
be rigorous assessment in human populations coupled with well-defined research questions
and appropriate statistical analysis. This is particularly important given that strong public and
commercial interests are presently outpacing research efforts. Based on an extensive body of
research in the field of DCN, we are aware that even simple changes in behaviour or diet can
have long-lasting effects on the brain, mental health and well-being, all of which need to be
considered as the ethical implications are significant. Therefore, to maintain current momen-
tum and to future-proof the field of MGB research, a multi-disciplinary research approach
such as currently practised in the field of DCN is key if we want to reach our aims of
translation and targeted intervention approaches to improve mental health and well-being.
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Summary

Psychogeriatric patients commonly present nutritional disorders due to a higher
burden of multimorbidity, polypharmacy or psychopathology. Different nutritional
disorders are associated with geriatric syndromes and adverse health outcomes in
these patients. Epidemiological and clinical evidence justify a basic nutritional
assessment for malnutrition in older mental health patients, given that mental
and physical components are rarely unrelated. However, several professionals that
care for older mental health patients do not have a nutritional training background.
Beyond nutritional evaluation, diet counselling and supplement recommendation
may be even harder for non-specialists. In this chapter, we suggest a quick, simple
and basic nutritional assessment, we evaluate the literature on the relationship
between anthropometric and nutritional measurement and mental disorders in
older adults, and we review the best evidence regarding nutritional management for
these patients. Additionally, we review potential biological pathways of the
association between nutrition and late-life mental illness.

Introduction

An older adult is defined by the United Nations as a person who is over 60 years of age, but
this definition varies according to culture, geographic location, socioeconomic status and
clinical conditions. Clinically, older age has particularities that go beyond the chronological
age and is characterised by a more expressive burden of multimorbidity, polypharmacy,
common age-related syndromes (i.e. geriatric syndromes, such as delirium, cognitive
impairment and falls) and situations or diseases that pose a greater risk of loss of autonomy
or independence. Nutritional disorders are prevalent at this stage of life and are associated
with several mental disorders, such as dementia and depression. Deviations from nutritional
status, namely malnutrition, encompass undernutrition and overweight, which are particu-
larly important in the geriatric clinic. For example, overweight mainly includes obesity and
a series of chronic diseases associated with metabolic syndrome (high blood pressure, insulin
resistance or diabetes and dyslipidaemia). On the other hand, undernutrition refers to
a reduced intake or assimilation of nutrients (both macro and micronutrients) and has
been shown to be at the beginning of processes such as sarcopenia and frailty (Figure 8.1).
It is also important to differentiate nutritional risk from malnutrition, which is quickly
identified using screening tools. Based on the identification of nutritional risk, a more
objective assessment of the nutritional condition is recommended.
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Figure 8.1 The relation between malnutrition and geriatric syndromes.

Frailty is a syndrome highly associated with late-life psychiatric disorders and is an
important predictor variable of adverse health outcomes (1, 2). The relationship
between frailty and psychogeriatric conditions such as cognitive and mood disorders
appears to be bidirectional, which demands continuous clinical attention during the
care plan. This relation leads to a practical implication which consists of a paradigm
shift in the treatment of mental disorders, from a highly centred use of psychotropics
and psychotherapies to multi-disciplinary multimorbidity management, prescription of
physical activity reduction of polypharmacy and nutritional evaluation (1-3). In this
sense, the clinics and basic understanding of nutrition are fundamental to the good
practice of geriatric medicine. The complexity of the aged organism requires a great
integration in the care of the body and mind, such components being inseparable in
older patients. According to our experience, a cohesive mental health-care plan must
adopt items such as diet and physical activity counselling. In this way, we believe it is
essential for health providers who care for older people with mental disorders to have
a minimum of knowledge about nutritional care.

In this chapter, we will approach the nutritional diagnosis in older adults with mental
disorders in a practical way and summarise the most relevant evidence of the association
between clinical nutrition and the most common late-life mental disorders, such as mood
disorders and cognitive impairment, deriving recommendations for clinical practice.

Basic Nutritional Assessment of the Older Person with Mental Health
Disorders

With the exception of nutritionists, the practice of nutritional assessment is generally not
included in the curriculum of health-care professionals such as psychiatrists, psychogeri-
atricians, psychologists and other team members who care for older adults with mental
health disorders. At the same time, these professionals are not expected to have much time
for a nutritional assessment that is not essential to ensure basic and relevant aspects of
diagnosis and treatment. In this way, we selected anthropometric measurements and
assessment instruments that are simple, easy and quick to use.
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Ageing is characterised by numerous body changes which have repercussions on
physical and mental capacities. Most of these changes have important associations, direct
or indirect, with nutritional status. By definition, nutritional status is an indicator of health
status in terms of the concentration and availability of nutrients from the diet and present in
the body (4, 5). For a comprehensive assessment of nutritional status, different methods are
often used as described in Table 8.1.

Appetite changes usually precede weight loss. Appetite is usually assessed subjectively by
the patient. The loss of appetite is especially relevant in anorexia of ageing, a geriatric
syndrome, which can occur primarily to ageing or secondarily to depression or dementia,
among other causes. Anorexia of ageing is a worrying condition as it can lead to reduced
energy and nutrient intake, and is consequently one of the main causes of protein-energy
malnutrition, sarcopenia and frailty, leading to an increased risk of mortality (6, 7).
Different data suggests that the prevalence of anorexia of ageing is somewhere between
15% and 30% in independent older people, and more than 30% at hospital and 42% in
residents of long-stay institutions (6). Social, environmental and lifestyle factors also affect
food intake (7). For example, cephalic responses to the environment are often associated
with a ‘thinking about food” stimulation. In this context, it is expected that a person who eats
alone (considering the limited social contact and restriction of social participation of many
older people) has less appetite and eats less than someone who eats with a partner (6, 8).
Identifying and treating anorexia can prevent weight loss, which requires a long recovery
time and is associated with malnutrition, frailty and sarcopenia. Anorexia can also be
measured using the Simplified Nutritional Assessment Questionnaire (SNAQ), which
takes approximately 1 minute (Figure 8.2). A score equal to or less than 14 points indicates
anorexia and predicts a weight loss of 5% in 6 months, being a warning sign for the need for
intervention by a multi-disciplinary team for further evaluation. The SNAQ can also be used
as an objective measure of appetite improvement in patients with depressive disorders or
dementia. In late-life depressive disorders, anorexia plays an important role in nutrition. In
a previous study in a geriatric outpatient clinic, we found about one-fifth of our sample to
have appetite loss (9). Most of our patients did not present nutritional risk according to
standardised instruments and anthropometric measurements. In this study, depressive
symptoms were significantly more associated with loss of appetite (9). In another study
by our group with older outpatients, we observed that high scores on psychometric depres-
sion instruments (even without somatic complaints), such as the Geriatric Depression Scale
and the PHQ-9, and major depressive disorder were associated with anorexia of ageing (10).
Anorexia was more common in patients with major depressive disorder compared to non-
depressed patients (30.7% vs. 7.7%) and was associated with weight loss. The SNAQ
continuous score and its 14-point cut-off were significantly associated with the diagnosis
of major depression and the instruments used to assess symptomatology (GDS and PHQ-9)
(10). Finally, anorexia can be a predictor of geriatric syndromes, such as frailty, with a worse
prognosis in mood and cognition disorders (11).

Weight loss is a major indicator of nutritional risk and a later stage of anorexia.
According to the European Society for Clinical Nutrition and Metabolism (ESPEN), esti-
mated losses of 5% in 6 months or 10% over 6 months, or significant decreases in body mass
index (BMI = weight (kg)/height squared; e.g. BMI <20 kg/h2) or muscle mass, are
characteristics of malnutrition (12, 13). However, for the diagnosis of malnutrition, the
recent consensus recommendation from the Global Leadership Initiative on Malnutrition
(GLIM) establishes the combination of at least one phenotypic criterion (non-volitional


https://doi.org/10.1017/9781009299862.009

Old Age and Nutrition 137

Table 8.1 Principles of the assessment of nutritional status (ABCD) with emphasis on those related to the
presence of cognitive and depressive disorders

Method

Anthropometry

Biochemistry

Clinical evaluation

Description

Assessment of quantity, quality
and distribution of body
dimensions and components (fat,
muscle mass, mineral mass and
body water), which is more related
to macronutrients. The use of
anthropometric measurements is
the simplest and most inexpensive
way to carry out a nutritional
assessment; however, today more
advanced and sensitive techniques
can be considered, such as
electrical bioimpedance, dual-
energy X-rays (DXA or DEXA),
imaging methods (such as nuclear
magnetic resonance) and
computed tomography scan.

Measurements of nutrients’
concentrations and chemical
compounds in body fluids and
tissues are able to identify the state
of the organism in a more sensitive
way than anthropometry, as they
identify steps prior to
incorporation into body mass. In
clinical practice, these
measurements are performed on
whole blood, plasma or serum.
Biochemical measurements can
identify molecules related to
macronutrients (e.g. blood
glucose, lipids, proteins and amino
acids) but are of great importance
in identifying micronutrients
(vitamins, minerals and other non-
nutrient compounds with
nutritional relevance).

Clinical assessment of nutritional
status is understood as the
identification of signs and
symptoms indicative of nutritional
deviations, e.g. pallor and reduced
energy due to iron deficiency or

Clinical importance to mental
health disorders

Overweight, as well as
underweight, have been linked to
mental disorders.

Body fat distribution is strongly
associated with chronic adverse
outcomes.

Omega-3 polyunsaturated fatty
acids have a range of
neurobiological activities such as
modulation of neurotransmitters,
anti-inflammation, antioxidation
and neuroplasticity.

Vitamins B6 and B12 and folic acid
are essential in the one-carbon
metabolism, responsible among
other things for the synthesis of
neurotransmitters.

Itis a cheap and logical first step to
identify nutritional disorders.
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Table 8.1 (cont)

Method

Diet evaluation

Description

skin dryness due to deficiencies of
essential fatty acids, among others.

Diet assessment is essential in the
nutritional assessment process,
since most important

Clinical importance to mental
health disorders

Identification of specific nutrient
intake and/or eating patterns
related to mental disorders.

interventions result from this
evaluation. Diet assessment can be
performed by direct observation,
but in practice tools such as 24-
hour food consumption
assessment, food diaries or food
frequency lists are used. The
analysis of these tools can be done
by identifying nutrients and food
compounds and then comparing
them with reference studies and/
or by identifying dietary patterns,
which can be determined a priori
or later. A priori identification is the
most used technigue in clinical
practice, e.g. adherence to
predetermined standards such as
the Mediterranean diet or the
MIND diet.

weight loss, low BMI or reduced muscle mass) and an etiological criterion (reduced food
intake/malabsorption or disease with inflammation) (14). Malnutrition has a wide epi-
demiological variation, with a prevalence of less than 10% in community-dwelling older
people and up to 30% in those residing in a long-stay institution (15, 16). It has a high
association with unfavourable outcomes such as increased rates of infections and pressure
injuries, longer hospital stays, prolonged convalescence after acute illness and increased
mortality (17). In this sense, the calculation of BMI and calf circumference is important.

Although BMI cannot determine the exact proportion of body fat, it is a screening
evaluation widely used in clinical practice for the detection of nutritional disorders and has
been recommended by the World Health Organization (WHO) since 1995. It is important
to note that although the cut-off points for this index are well established for the adult
population, there is still much discussion about the best values for older adults, leading to
different values according to different regions of the world. The BMI is able to identify from
underweight to obesity in different degrees/severity. Several studies carried out in different
age groups have generally indicated a positive association between being obese and having
symptoms or a diagnosis of depression. However, studies that include or are exclusive to
older people show great disparities.

Noh and colleagues, using data from the Korean Longitudinal Study of Aging (KLoSA),
investigated the association between BMI and depressive symptoms in 7,672 people between
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SNAQ
Administration Instructions: Ask the subject to complete the questionnaire
by circling the correct answers and then tally the results based upon the
following numerical scale:a 1, b 2, ¢ 3, d 4, e 5. The sum of the scores for
the individual items constitutes the SNAQ score. SNAQ score = 14 indicates
significant risk of at least 5% weight loss within six months.
1. My appetite is:
a. very poor
b. poor
c. average
d. good
e. very good
2.When | eat
a. | feel full after eating only a few mouthfuls
b. | feel full after eating about a third of meal
c. | feel full after eating over half a meal
d. | feel full after eating most of the meal
e. | hardly ever feel full
3. Food tastes
a. very bad
b. bad
c. average
d. good
e. very good
4. Normally | eat
a. less than one meal a day
b. one meal a day
c. two meals a day
d. three meals a day
e. more than three meals a day
SNAQ score:
Component
SARC-F
Component | Question Scoring
Strength How much difficulty do you have in None =0
lifting and carrying 10 1b? Some =1
Alot or unable = 2
Assistance in | How much difficulty do you have None =0
walking walking across a room? Some =1
Alot or unable = 2
Rise froma | How much difficulty do you have None =0
chair transferring from a chair or bed? Some =1
A lot or unable = 2
Climb stairs | How much difficulty do you have None =0
climbing a flight of 10 stairs? Some =1
A lot or unable = 2
Falls How much difficulty do you have None =0
the past year? Some =1
A lot or unable = 2

Figure 8.2 Common instruments to evaluate direct or indirect nutritional risk in older adults: the FRAIL
questionnaire, SARC-F, the Simplified Nutritional Assessment Questionnaire (SNQ) and the Mini Nutritional
Assessment (MNA).
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FRAIL SCALE

Last name: | | First name: | |

Sex: | |Age: | |Weight, kg: | | Height, cm: | |Date: | |

Complete the screen by filling in the boxes with the appropriate numbers. Total the numbers for the final screening score.

Screening

A

Has food intake declined over the past 3 months due to loss of i igestive p ing or
swallowing difficulties?

0 = severe decrease in food intake

1 = moderate decrease in food intake

2 = no decrease in food intake (|

Weight loss during the last 3 months

0 = weight loss greater than 3 kg (6.6 Ibs)

1 = does not know

2 = weight loss between 1 and 3 kg (2.2 and 6.6 Ibs)

3 = no weight loss (|

Mobility

0 = bed or chair bound

1 = able to get out of bed / chair but does not go out
2 = goes out

Has suffered psychological stress or acute disease in the past 3 months?
0=yes 2=no

Neuropsychological problems

0 = severe dementia or depression

1 = mild dementia

2 = no psychological problems |:|

F1

Body Mass Index (BMI) (weight in kg) / (height in m)? |:|

0 =BMI less than 19

1= BMI 19 to less than 21

2 =BMI 21 to less than 23

3 = BMI 23 or greater D

IF BMI IS NOT AVAILABLE, REPLACE QUESTION F1 WITH QUESTION F2.
DO NOT ANSWER QUESTION F2 IF QUESTION F1 IS ALREADY COMPLETED.

F2 Calf circumference (CC) in cm

0 =CC less than 31

3 =CC 31 or greater D
Screening score O
(max. 14 points)

Save
12-14 points: D Normal nutritional status EI
8-11 points: |:| At risk of malnutrition
0-7 points: |:| Malnourished Reset
Ref. Vellas B, Villars H, Abellan G, et al. Overview of the MNA® — Its History and Challenges. J Nutr Health Aging 2006; 10:456—-456.

Rubenstein LZ, Harker JO. Salva A. Guigoz Y. Vellas B. Screening for Undernutrition in Geriatric Practice: Developing the
Short-Form Mini Nutritional Assessment (MNA-SF). J. Geront 2001;56A: M366-377.

Guigoz Y. The Mini Nutritional Assessment (MNA®) Review of the Literature — What does it tell us? J Nutr Health

Aging 2006; 10:466-487.

Kaiser MJ, Bauer JM, Ramsch C, et al. Validation of the Mini Nutritional Assessment Short-Form (MNA®-SF): A practical tool for
identification of nutritional status. J Nutr Health Againg 2009; 13:782-788.

® Societe des Produits Nestle SA, Trademark Owners.

R_esistance — “Can you walk up 1 flight of stairs?”

I_liness (greather than 5)* - “Do you have more than 5 ilinesses?”
*Hypertension, diabetes, cancer (other than a minor skin cancer), chronic lung disease, heart attack,
congestive heart failure, angina, asthma, arthritis, stroke, and kidney disease

3 -5 =frail/ 1 - 2 = prefrail/ 0 = robust

Figure 8.2 (cont)
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50 and 102 years old (56.9% women) (18). BMI values were classified according to the WHO
revised Asia-Pacific criteria as underweight (less than 18.5 kg/m?), normal weight (between
18.5 kg/m” and 23 kg/m?), overweight (between 23 kg/m? and 25 kg/m?), obese (between
25 kg/m” and 30 kg/m?) or severely obese (more than 30 kg/m?). Depressive symptoms were
identified by the Korean version of the Center for Epidemiological Studies Depression
(CES-D) tool with 10 items. After adjusting for sociodemographic variables, the authors
identified a U-shaped curve, indicating that both undernutrition (from the underweight
classification) and overnutrition (specifically from severe obesity) were significantly associ-
ated with a higher prevalence of depressive symptoms. However, some characteristics
related to BMI were observed when analysing men and women separately; the group of
men with the lowest prevalence of depressive symptoms was predominantly classified as
overweight, and among women, the lowest prevalence of depressive symptoms was in the
normal weight range.

More recently, another publication related to KLoSA explored these different relationships
in sex (19). The authors used more complex statistical methods to identify ‘if and ‘how’ the
relationships between depressive symptoms and cognitive function, mediated by BMI, dif-
fered between the sexes. In addition to assessing depressive symptoms using the Korean
version of the CES-D, they also assessed cognitive function using the Korean version of the
Mini-Mental State Examination (K-MMSE). The authors identified that depressive symptoms
were significantly associated with cognitive impairment, which was directly and indirectly
associated with reduced BMI. However, the indirect relationship between depressive symp-
toms and BMI-mediated cognitive function was significant only in men over 70 years of age.
This Korean data points to the complex role of BMI in late-life neuropsychiatric disorders. It
is worth noting the potential limitations of these studies, such as the involvement of only
Korean older adults and its cross-sectional designs.

Therefore, to expand the scope of the discussions in this chapter, we have included
a systematic review conducted in 2010 by Luppino and colleagues (20). This meta-
analysis with only longitudinal studies investigated relationships between depression,
overweight and obesity, considering the possible bidirectional relationship between
overweight (BMI between 25 and 29.99 kg/mz) or obesity (BMI >30 kg/mz) and
depression. For the 15 selected studies (58,745 people), odds ratios (OR) with or
without adjustments were calculated and sub-groups were also analysed in order to
identify possible mediators (between sex, age and severity of depression). Being obese
at baseline increased the risk of developing depression at follow-up (unadjusted
OR=1.55; 95% CI=1.22-1.98; p<0.001). The associations were more relevant in studies
from the American continent than in Europe and more pronounced for depressive
disorders than for depressive symptoms. Being overweight increased the risk of
depression at follow-up (unadjusted OR=1.27; 95% CI=1.07-1.51; p<0.01), and these
associations were significant only in adults, not in younger people. The opposite
direction indicated that depression was a predictor of obesity at follow-up
(OR=1.58; 95% CI=1.33-1.87; p<0.001), but not overweight.

The association between BMI, particularly overweight and obesity, and depressive
symptoms and disorders presents several confounding variables in old age, such as the
presence of comorbidities associated with metabolic syndrome, in addition to the side
effects of antidepressant medications and several other drugs commonly used by older
people, which can also induce obesity. More recently, a robust meta-analysis investigated
the evidence and association between obesity and depression exclusively in older adults
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(aged over 60 years) (21). The authors performed the search in six electronic databases
from inception to November 2019. Cross-sectional, longitudinal and case-control studies
were included, with depression or depressive symptoms identified by different scales or
clinical interviews, and obesity was also identified by different techniques (BMI, waist
circumference, waist to hip ratio and body fat percentage, among others). Nineteen
studies were evaluated in this systematic review and 14 were analysed by meta-analysis.
Surprisingly, the results indicated that older people who were overweight or obese by BMI
had a lower chance of depression than those classified as normal weight (pooled
OR=0.847; 95% CI=0.789-0.908; p<0.001 and pooled OR=0.795; 95% CI=0.658-0.960;
p=0.017, respectively). Obesity identified by waist circumference was not significantly
associated with depression (pooled OR=0.722; 95% CI=0.465-1,119; p=0.145). The other
methods for determining obesity were not meta-analysed.

It can be assumed that the different results can be attributed to the presence or absence of
comorbidities. There are certain factors in addition to BMI in the nutritional assessment of
older people with depressive or cognitive symptoms that warrant consideration. The
association between BMI, particularly overweight and obesity, and depressive symptoms
and disorders presents the presence of comorbidities as a confounding variable, particularly
those associated with the metabolic syndrome. In addition, the side effects of antidepressant
medications can induce obesity.

Calf circumference can be used as a surrogate technique to estimate muscle mass if it is
less than 31 cm (22, 23). Calf circumference may be limited because of obesity, ethnicity or
lower-limb oedema. The loss of muscle mass is a fundamental component for the
diagnosis of sarcopenia, together with the loss of muscle strength. Another way to assess
the potential loss of muscle mass and sarcopenia is through the use of the SARC-F
instrument alone or together with calf circumference (23). The SARC-F is an easy-to-
use instrument and serves to screen for the presence of sarcopenia when its score is equal
to or more than 4 points (Figure 8.2). The greatest limitation of the instrument is its low
sensitivity, despite its high specificity (24). Sarcopenia is associated with both depressive
(25) and cognitive (26) disorders in older adults and can predict negative health outcomes
similar to those associated with malnutrition in patients with mental disorders. We
conducted a prospective observational study with 105 older inpatients hospitalised
because of severe depression (27). Anthropometric measures were most predictive of
worse outcomes such as falls and readmission.

Finally, a useful instrument for the assessment of nutritional risk in the geriatric clinic is
the Mini Nutritional Assessment (MNA) (28). The MNA already includes anthropometric
measurements such as BMI and arm and calf circumferences (Figure 8.2). This instrument
is divided into two stages. The first is a screening that investigates changes in food intake,
weight, mobility and psychological status (stress and neuropsychological problems), in
addition to BMI. The screening criteria were scored according to greater or lesser alteration
(12-14 points: normal nutritional status; 8-11 points: at risk of malnutrition; 0-7 points:
malnourished) and added to the second stage of the instrument, which is made up of the
global assessment. A total result more than 23.5 points indicates that the patient is in
a normal nutritional status; a score between 17 and 23.5 indicates they are at risk of
malnutrition; and a score less than 17 indicates they are malnourished. Either the screening
alone or the complete instrument can be used, depending on the time available for
evaluation.
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Nutrition Counselling and Late-Life Mental Iliness:
What Recommendations Are Evidence-Based?

The emerging field of nutritional psychiatry focusses on the consequences of and associations
between eating habits, diet and supplement use, and behaviour. After the nutritional
assessment process in older people who present behavioural symptoms, nutritional
strategies that can attenuate the inflammatory and antioxidant effects can be considered.
In fact, any diet, when properly combined in terms of pro- and anti-inflammatory
compounds and nutrients, is capable of providing benefits. Several nutrients, non-
nutrient compounds such as phytochemicals or even supplements aimed at intestinal
modulation can be useful. Lately, nutrition has been studied comprehensively, leaving the
paradigm of evaluating an isolated nutrient to better understand the impact of nutritional
habits and dietary profiles. Recent trends have been to use food combinations in the form
of dietary patterns (patterns determined a priori). Next, we will present some studies that
demonstrate how research in this regard has been conducted.

Nutritional counselling in geriatric psychiatry can be divided into two parts: diets and
supplements. In 2014, Lay and colleagues conducted a systematic review with meta-analysis
where 21 studies were included (29). These studies found that higher consumption of fruits,
vegetables, fish and grains was associated with a reduced risk of depression. Some evidence has
indicated that there is a bidirectional correlation between depression and diet quality in older
adults. Depression can lead to poorer diet quality and diversity; individuals with current
depression are more likely to have poorer eating habits, which is likely due to the short-term
calming effects of antidepressant medications and their long-term ill effects (30). Using this
perspective, in 2017, our group published a study with the aim of investigating fruit and
vegetable intake (FVI) and physical activity (PA) as predictors of clinically relevant levels of
depressive symptoms (CRLDS) in African Americans (31). Baseline data was extracted from
wave 1 (2000/1) of the African American Health (AAH) study, a population-based longitudinal
study of African Americans in St Louis. At wave 8, participants self-reported FVI and completed
the Yale Physical Activity Scale. At both waves 8 and 10, the CES-D 11-item scale was used to
identify those who met the criteria for CRLDS. Sequential logistic regression modelling was
used to examine the associations of components of FVI/PA with CRLDS, both cross-sectionally
(n=680) and longitudinally (n=582). Modelling employed gender, age, perceived income
adequacy and education as potential confounders. Cross-sectionally, vigorous PA and leisure
walking PA were independently associated with lower odds of CRLDS in all but the fifth model
and green vegetables in all models. Longitudinally, green vegetables and the interaction between
total FVI score, total PA score and other factors at wave 8 were most consistently associated
with CRLDS at wave 10. In both cross-sectional and longitudinal models, the socioeconomic
variables showed an association as risk factors for CRLDS. Therefore, green vegetables, total
FVI and various aspects of PA showed protective effects regarding CRLDS. Therefore, the
promotion of such lifestyles is likely to help prevent CRLDS in this population.

A Mediterranean diet may have protective effects against cognitive decline in older adults
because of the combination of foods and nutrients potentially protective against cognitive
dysfunction or dementia, such as monounsaturated fatty acids, fish, vitamin B12,
folate and antioxidants (vitamin E, carotenoids, flavonoids). Additionally, the anti-
inflammatory effects of antioxidant ingredients, vitamins and flavonoids present in
vegetables and other foods may explain their protective role against depression.
Furthermore, the benefit of a Mediterranean diet for depression in old age may also
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be due to its effects on vascular health and has been shown to maintain a high level of
vascular health and prevent many of the usual problems of ageing.

The Mediterranean diet is the dietary recommendation that has been most tested in
depression and cognition. In this book, the Mediterranean diet has been covered in more
detail in Chapter 3. In general, it consists of the abundant use of olive oil; high consumption
of fruits, vegetables, legumes, cereals and nuts; regular and moderate intake of red wine with
meals; and moderate consumption of fish, seafood, poultry and fermented dairy products.
The consumption of red meat, processed products and sweets is limited. Three observa-
tional studies, totalling 3,539 people, reported lower depressive symptoms and diagnosis of
depression among people more adherent to the Mediterranean diet (32-34). It is worth
emphasising that in one of these studies, the Mediterranean diet was combined with
principles of the Dietary Approaches to Stop Hypertension (DASH) diet. Similar to the
Mediterranean diet, the DASH diet specifies a high consumption of plant-based foods but
also limits the intake of saturated and total fat, cholesterol and sodium (<2400 mg/daily).
The beneficial effects of the Mediterranean diet are most consistent for depression. In
a meta-analysis involving more than 41,000 people in 15 cohort studies and 2 clinical trials,
global cognitive improvement was observed, especially in episodic memory (35). The DASH
and MIND (Mediterranean-DASH Diet Intervention for Neurodegenerative Delay) diets
also improved cognition and reduced the risk of neurodegeneration (36, 37). The MIND
diet emphasises the consumption of natural plant-based foods as well as red fruits and leafy
greens, limiting animal foods and saturated fats, with restrictions of cheese, butter/margar-
ine and fried foods. Finally, a recent clinical trial observed a strong relationship between the
Mediterranean diet and the promotion of overall healthier ageing through several biomark-
ers expressing less frailty and better cognitive function, in addition to being negatively
associated with inflammatory markers and changes in the gut microbiota (38). Our group
conducted a cross-sectional study to evaluate the association between adherence to the
Mediterranean diet with the presence of common mental health disorders (CMD) in Brazilian
older adults, adopting two different concepts of the diet (39). The sample included 545 older
people from the 2015 Health Survey of Sdo Paulo City (cross-sectional population-based
study). CMD were identified through the Self-Reporting Questionnaire-20. Data from two 24-
hour dietary recalls was used to construct two diet patterns according to the Mediterranean
diet score: traditional diet (including only foods with characteristics of the original diet) and
Brazilian-Mediterranean (including foods with non-Mediterranean characteristics).
Moderate and high adherence to the traditional diet were associated with a lower prevalence
of CMD (OR=0.59; 95% CI=0.35-0.98 and OR=0.42; 95% CI=0.18-0.96, respectively) after
adjustment for sociodemographic, lifestyle and health status variables. In turn, the presence of
CMD was not significantly associated with any level of adherence to the Brazilian-
Mediterranean diet. Therefore, moderate and high adherence to the traditional diet were
found to reduce the risk of mental disorders in Brazilian older adults. Nevertheless, an
increased intake of non-Mediterranean food components can limit this effect.

Nutritional supplements are popular among seniors. Several vitamins have been linked
to a better ageing process, especially for the brain. Some of the most popular supplements
marketed to improve memory are fish oils (omega-3 fatty acids), B vitamins (most com-
monly folate, B6 and B12) and vitamin D (40). Vitamins A, C, E and D and B vitamins were
not associated with cognitive improvement or reduced neurodegeneration. Controversial
evidence comes from the B vitamins, where meta-analyses have reported associations
between B-vitamin compound supplementation and less brain atrophy in mild cognitive
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impairment, but without observing any cognitive improvement (41). In mood disorders,
evidence is also insufficient or negative with B-complex or vitamin D supplementation (42,
43), although the use of folic acid/methylfolate as an adjunct to selective-serotonin reuptake
inhibitors and serotonin-norepinephrine reuptake inhibitor treatment in major depressive
disorder has been associated with reduced symptomatology (44).

Omega-3 fatty acids, including eicosapentaenoic (EPA), docosahexaenoic (DHA) and alpha-
linolenic (ALA) acids, have been evaluated for cognitive and depressive disorders for their anti-
inflammatory properties and potential influence on neurogenesis and neuronal function (45).
Despite this, evidence of its use for cognitive improvement, prevention of dementia or depres-
sion and improvement of depressive symptoms is still insufficient. S-adenosylmethionine
(SAMe), an endogenous intracellular metabolite of amino acids and enzymatic co-substrate
involved in the biosynthesis of hormones and neurotransmitters, has been implicated in
depression and cognition. It is a safe compound with minimal interactions and has shown
good results in monotherapy and adjunctive therapy in unipolar depression. However, the
effects are small and more clinical trials are needed, including especially an exclusive older adult
population (46, 47). There are a number of literature reviews with meta-analyses of the possible
effects of pre-, pro- and symbiotic substances on the modulation of late and cognitive conditions,
but the results are still modest. It should be noted that the specific studies involve older adults.
Our group carried out a clinical study with a small number of older people with the aim of
investigating the effect of a symbiotic substance on symptoms of brain disorders and inflamma-
tion (48). Forty-nine older adults were studied, receiving a symbiotic or placebo. At the end of
the experiment, both groups reduced their percentage of body fat, tumour necrosis factor and
serum diamine oxidase; interleukin-10 was significantly increased only in the symbiotic group.
Depressive symptomatology at the end of the study was explained negatively by the percentage
of body fat, tumour necrosis factor, serum diamine oxidase, interleukin-10, female sex and
placebo group. Therefore, we found weaker effects of the symbiotic on depressive symptoms.

Inflammaging, Gut Microbiome and Mental Iliness: Potential
Pathophysiological Associations

Most probably, the association between depression and obesity permeates the concept of
low-grade systemic inflammation, particularly that linked to ageing. Over the course of life,
damage accumulates, culminating in the loss of resilience. Lifelong antigenic stimulation
can lead to an imbalance in the immune system and consequent low-grade systemic
inflammation (inflammaging), which has been linked to many age-related conditions and
diseases (49). Currently, some contributor mechanisms associated with ageing have been
proposed to explain inflammaging. Here, considering the nutritional status of old adults, we
will briefly address the adipose tissue and the gut.

The ageing-related increase and redistribution of body fat stand out in visceral white adipose
tissue (50). The high-fat content in this tissue allows the infiltration of M1 macrophages and
T lymphocytes. These immune cells, and the adipocytes themselves, release cytokines and
chemokines, which settles an inflammatory profile (51). In addition to these processes, the
existing adipose tissue vasculature does not support the tissue’s expansion, reducing the entry of
oxygen and activating the hypoxia-inducible factor-1 that targets inflammatory genes.
Systemically, the increase in body fat entails higher cellular exposure to saturated fatty acids,
indirectly activating the toll-like receptor signalling and possibly altering macrophage lipid
metabolism (52).
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However, adipose tissue and dietary fat are not the only contributors to ageing-related
systemic inflammation. In fact, the contribution of the gut, adipose tissue and diet raises the
concept of metaflammation, a metabolic disorder featured by cellular oxidative stress and
increased plasma proinflammatory cytokine levels, principally triggered by nutrients and
metabolic surplus. The role of metabolic inflammation is well established in the pathogen-
esis of insulin resistance, mainly through stimulation of the proinflammatory cell signalling
pathway, with activation of the transcription factors, namely nuclear factor-kappa B and
activator protein-1 mediated by toll-like receptor-4 (53). Therefore, inflammaging and
metaflammation share similar molecular mechanisms.

Regarding the gut, its microbiota can release inflammatory products (54). Many
ageing-related factors can modify the gut microbiota, favouring the growth of pathogenic
bacteria (i.e. Fusobacteria, Clostridia, Eubacteria) and the reduction of some beneficial
bacteria (i.e. Firmicutes, Bacteroides, Bifidobacterium). These beneficial bacteria are able to
ferment polysaccharides and originate short-chain fatty acids (SCFAs). The SCFAs,
besides several metabolic functions, have fundamental immunological roles. Therefore,
bacterial unbalance and the reduced production of SCFAs are associated with abnormal
activation of the gut-associated lymphoid tissue, modifying the tolerance pattern of the
immune cells (55). Changes in the gut environment harm its barrier function, allowing the
passage of bacterial fragments (i.e. lipopolysaccharides) to the blood flow. These frag-
ments bind to specific pattern-recognising receptors, mainly the toll-like receptor-4; these
bindings trigger inflammatory signalling cascades that ultimately stimulate innate
immune responses with the generation of proinflammatory cytokines, chemokines, eico-
sanoids and reactive oxygen species. It is essential to highlight that the production of
inflammatory cytokines constitutes a feedback cycle since these molecules stimulate the
activity of toll-like receptors. This inflammatory picture is named metabolic endotoxemia
and has local and systemic consequences. For instance, it impairs endothelial cell function
and contributes to atherosclerosis; it leads to hepatic steatosis and insulin resistance; in
the pancreas, it favours P-cell dysfunction; in skeletal muscle, it increases the risk of
sarcopenia (56); and in the brain, it increases neuroinflammation (57).

Therefore, all processes related to inflammaging cause an imbalance between circulating
inflammatory cytokines. Many of these molecules are able to cross the blood-brain barrier,
increasing neuroinflammation and consequently altering the synthesis of neurotransmitters,
decreasing the production of serotonin and increasing the production of neurotoxic mol-
ecules (58).

Conclusions

Nutritional disorders are common among older people with mental illness. They are
a biological cornerstone of the burden for several important geriatric syndromes, such as frailty,
anorexia and sarcopenia, which present a bidirectional relationship with neuropsychiatric
disorders. In this sense, there are no thresholds between mental and physical health in older
adults, and basic nutritional evaluation and counselling must be part of the routine of allied
professionals who care for psychogeriatric patients. Only a few anthropometric measures and
simple instruments for the assessment of appetite, muscle and nutrition are sufficient to
improve the health of these patients. We suggest an objective geriatric evaluation concerning
general nutritional health to any allied professional (Figure 8.3). In this flow diagram, we
suggest the evaluation of frailty using the FRAIL questionnaire, an accessible and quick
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instrument to screen for this condition (59, 60). Anorexia, undernutrition, low muscle mass and
weight loss are all associated with frailty at some level. The identification of frailty leads to
indirect nutritional screening and vice versa. The evidence for nutritional intervention in older
adults is mostly centred on diet patterns.

The Mediterranean diet and its derivatives show the best reliable data for late-life
depressive and neurocognitive disorders. We support the prescription of this diet to
psychogeriatric patients and also a high level of vigilance against a low level of B-complex
vitamins (Figure 8.4). The Mediterranean diet appears to reduce symptoms of depression,

Nutritional diagnosis in geriatric mental health

Psychogeriatric assesment

HR, BP and Orthostatic hypotension
Minimum nutritional assessment: Neurological evaluation

BMI, CC, SARC-F, MNA, SNAQ Frailty (FRAIL)

I
I
BMI <18,5 or >30 (WHO)/ <23 or >30

(OPAS), CC<31, SARC-F=4, SNAQ=<14, If FRAIL = 3 Check: multimorbidity
MNA<11: global nutrition assesment + polypharmacy, weight loss, causes of
consultation with dietitians + physical fatigue, physical activity, protein intake
activity

Figure 8.3 Flow diagram for a practical nutritional diagnosis in geriatric medicine.

RECOMMENDATIONS
Mediterranean diet High amounts of: Olive oil, non-refined grains, fruits, vegetables,
legumes, potatoes, seeds, nuts, beans
Limited/restricted: Red meat, processed meat, sweets
MIND High amounts of: Whole grains, green leafy vegetables, berries,
other vegetables, nuts, beans
Limited/restricted: Cheese, butter/margarine, fast/fried food
DASH High amounts of: Grains, fruits, vegetables, legumes, nuts, seeds,
low-fat dairy
Limited/restricted: Sodium < 2400 mg/d
Complex B vitamins Controversial, but some studies show benefits.

Figure 8.4 Nutritional recommendations to the psychogeriatric patient.
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reduce the incidence of depression and improve general cognitive performance and recent
memory. No single vitamin or nutritional supplement showed a significant result in mental
illness compared with anti-inflammatory and antioxidative diet patterns. Changing diet
habits is difficult, especially among psychogeriatric patients, but in this field there is no
magic pill that substitutes for a healthy diet. Future studies are needed to shed more light on
dietary habits, the use of multiple nutritional supplements, integrated care plans including
nutritional counselling, metabolomic-guided or microbiome-guided nutritional plans, and
many other beneficial potential interventions for late-life mental health patients.
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Broad-Spectrum Mi*cronutrients
and Mental Health

Julia J. Rucklidge, Jeanette M. Johnstone, Amelia
Villagomez, Noshene Ranjbar and Bonnie J. Kaplan

Summary

This chapter summarises evidence relating to the importance of nutrient
intake from diet and supplementation to brain health. Circumstances that
may contribute to an individual requiring additional nutrients beyond
what are available in diet, such as consumption of nutritionally depleted
food, individual differences in biological need, long-term medication use
and gut-brain health needs, are detailed. These factors support the use of
a broad spectrum of nutrients to address personal metabolic needs or
environmentally induced nutrient depletions. The evidence for treating
psychological symptoms with supplementary nutrients is reviewed,
summarising research using broad-spectrum micronutrients in the
treatment of mental health issues including aggression, autism, attention
deficit hyperactivity disorder, anxiety and stress, mood disorders, and
psychosis. The breadth and consistency of the findings highlight the
importance of receiving a complete foundation of nutrients to optimise
brain health. Documented safety and lack of toxicity provide reassurance
that this treatment approach does not result in serious or long-term
adverse events. The question of pre-treatment nutrient level testing is
discussed. Finally, we offer practical suggestions to clinicians interested in
incorporating this information into their clinical practice, discussing these
suggestions within the context of informed consent.

Other chapters in this book describe the research that supports the importance of eating
nutrient-dense food for optimising mental health. In this chapter, we focus on the
circumstances that may predispose an individual to require additional nutrients beyond
the levels they can get from their diet. In addition, the evidence base for treating psychi-
atric problems with supplementary broad-spectrum micronutrients will be reviewed. By
‘broad-spectrum’, we mean the full array of about 30 essential minerals and vitamins
necessary for optimising brain health, not just a select few. Finally, we offer practical
suggestions for health professionals who want to incorporate this information into their
clinical practice.

" Parts of this chapter have been adapted from Rucklidge, J. J., Johnstone, J. M. and Kaplan, B. J. 2021.
Nutrition provides the essential foundation for optimizing mental health. Evidence-Based Practice in
Child and Adolescent Mental Health, 6(1), pp. 131-54.
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Nutrition Is Essential for Maintaining a Healthy Brain

Minerals and vitamins (micronutrients) contribute to healthy brain functioning in several
ways: supporting brain metabolism, enabling mitochondria to function, modifying genetic
expression, fighting excess inflammation and protecting from environmental toxins. A wealth
of research demonstrates an association between eating a nutrient-dense diet and better
mental health, with the strength of the association confirmed through meta-analyses (1-4).
However, over and above these observational studies, prospective longitudinal studies and
randomised controlled trials (RCTs) show that the relationship is causal (5-12): consuming
a whole-foods diet rich in micronutrients (vitamins and minerals) can improve resilience,
lower the risk of developing a mental health problem, reduce the risk of suicide and treat
mental health symptoms. In addition, a number of these studies show that an ultra-processed
diet, characterised by packaged foods containing manufactured chemicals and typically high
in poor-quality fats, salt and sugar, generally precedes poor mental health.

When Might Individuals Need More Nutrients Than They
Can Obtain from Their Diet?

Both environmental and individual factors may result in an individual requiring an
increased intake of nutrients above the usual dietary reference ranges.

Nutritionally Depleted Food

Neither plants nor humans can synthesise minerals. Plants absorb minerals from the soil
and then use them to synthesise vitamins. Over the last 70 years, the nutrient density of our
food supply has been decreasing (13). This nutrient depletion may result from several
factors including an emphasis on crop yield over nutritional value, high carbon dioxide
levels, climate change and the use of herbicides. Modern agricultural practices tend to
emphasise crop yield to increase financial margins, creating a ‘dilution effect’ of lower
nutrient levels relative to carbohydrates (14). Many years of tilling the soil, even with
rotating crops, can deplete minerals. Food producers use fertiliser, the primary components
of which are nitrogen, phosphorous and potassium (NPK). While these three minerals are
important, plants require 15-16 essential minerals for defence against insects, best growth
and the ability to synthesise vitamins (15). The good news is that modern regenerative
agricultural practices, such as no-till farming, can improve soil minerals (16).

High levels of atmospheric carbon dioxide are concerning to nutrient density because
even though carbon helps plants grow, it also leads to plants with more sugars and fewer
micronutrients. The result is larger plants and greater sweetness in the yield, but the
produce may provide fewer nutrients needed for brain health. One study of eight strains
of rice exposed to increased carbon dioxide under controlled conditions found lower levels
of vitamins, minerals and protein (17). Another study looked at nutrient balance in spring
wheat grown naturally over three consecutive seasons (18). Higher carbon dioxide levels led
to larger plants and a higher yield, resulting in an increase in carbohydrates, but protein
declined by more than 7%, and iron and manganese both decreased. Similar results have
been found in studies of other crops. As the planet gets hotter, many crops will likely become
even higher in carbohydrates and lower in protein and micronutrients.

Another possible contributor to nutrient depletion of crops is the heavy use of glyphosate
in places such as North America. Glyphosate, a herbicide and principal ingredient of
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Roundup®, was initially patented in the USA in 1961 as a descaling agent to remove
mineral deposits in pipes and boilers, and it has been applied to crops to kill weeds since
1974. A 2019 study showed that glyphosate disturbs the human blood-brain barrier,
making it more permeable (19). Permeability means that some molecules intended to be
excluded by the blood-brain barrier might be able to pass through, potentially causing
adverse effects in the brain. It is also relevant that while there is still debate on the topic,
some research suggests that glyphosate makes dietary minerals such as iron, manganese
and nickel less available for the body to absorb (20) and decreases soil health (21), factors
that may also affect plant nutrient density.

Although methodological criticisms regarding the comparison of nutrient content
across time have been raised (14) (e.g. crops having multiple varieties requiring different
sampling or storage), significant changes reported in several countries suggest there is cause
for concern. Modern agricultural practices focussed on plant yield rather than nutrient
density may explain why some people do not obtain adequate doses of nutrients from food.
Because plant nutrient levels play a vital role in human brain health, these issues that affect
crop nutrient levels warrant more research.

Individual Differences

Aside from metabolic pathways’ requirements for an abundance of nutrients for efficient
enzymatic activity, personal differences may contribute to an individual’s need for higher
intake. In 2002, Ames summarised 50 genetic mutations associated with slowed metabolic
pathways that may be remedied with high-dose vitamin cofactors, suggesting that some
individuals may have an inherited need for higher amounts of nutrient cofactors,
a phenomenon known for decades in relation to physical health (22).

In summary, research has identified that some people inherit the need for an above-
average supply of nutrients for metabolic pathways to work efficiently for optimal physical
health. It is possible that some psychiatric symptoms may also result from metabolic
dysfunction caused by insufficient mineral and vitamin cofactors in the brain, an idea first
proposed in the 1960s by Nobel Laureate Linus Pauling (23). As many mental disorders run
in families, Pauling hypothesised that the genes for mental illness may be the ones involved
in the regulation of essential nutrients for brain metabolism. If so, nutrient supplementation
to raise nutrients to a sufficient level, based on individual needs, may remedy mental health
issues. As the Ames paper showed, restoring near-normal physical functioning is possible
when enzymes with drastically reduced binding activity become supersaturated with the
necessary cofactors through nutrient supplementation (22).

Long-Term Medication Use

Another factor that may increase the need for supplemental nutrients is the use of certain
medications. For example, mood stabilisers deplete folic acid, vitamin D, vitamin B¢ and
vitamin Bj,, as well as minerals such as copper, selenium and zinc (24). Metformin
reduces B;,; contraceptives decrease Bg, folate, magnesium and vitamins C and E; and
aspirin negatively affects vitamin C levels (25). Clinicians need to be aware that these
medications may reduce nutrient stores and impact brain health. Increasing an individ-
ual’s nutrient supply through micronutrient supplementation may alleviate the depletion
caused by medication (26, 27).
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Gut—Brain Health

The association between digestive and mood problems has been known for centuries (28).
Recent studies examining the human gut microbiome have identified that digestive prob-
lems may be caused by gut dysbiosis, or an imbalance in the gut-microbial communities that
are associated with disease. Previous chapters in this book (see Chapters 2, 3 and 4) have
discussed the crucial communication between the gut and the brain, identifying a number of
communication channels through which the microbiome can influence neural pathways in
the brain. These channels include the nervous system (via the vagus nerve), the immune
system (via cytokines) and the endocrine system (via the hypothalamic-pituitary-adrenal
(HPA) axis) (29-31). Many studies highlight how the gut microbiota might affect the
expression of behavioural symptoms (32, 33).

Some research has suggested an association between certain bacterial strains and
disorders such as attention deficit hyperactivity disorder (ADHD), schizophrenia and
depression, although the results of these studies have been inconsistent (34, 35).
Unfortunately, the science cannot yet define what constitutes a healthy gut microbiome
for optimal brain function. Based on the cited studies, microbiome/microbial diversity
appears to be important (36), and the less optimal the microbiome, the more likely there
could be mental health problems. Several factors may negatively impact gut-microbial
diversity including antibiotics, stress, infection and environmental toxins, while a diet
rich in plant-based foods supports microbial diversity (34, 37). As such, one of the first
recommendations for improving gut health is to improve the quality of the foods eaten and
reduce the consumption of ultra-processed industrialised products. However, for some
individuals, supplemental micronutrients may be necessary as well to improve gut health
and brain functioning. One study showed that micronutrient supplementation increases
bacterial diversity, which is associated with symptom improvement in children with ADHD
(38). These results, though preliminary, highlight the possibility that nutrient supplementa-
tion may positively alter bacterial composition and underscore that nutrient insufficiencies
may be a causal factor in both dysbiosis and mental health symptoms.

How Supplementary Nutrients Might Improve Mental Health

We have reviewed several reasons why eating a healthy diet may not be sufficient to ensure
optimal mental health for everyone. Environmental factors such as depleted soil minerals
and climate change can influence the nutrient density of the food we consume. In addition,
individual differences, medication use and gut health all provide plausible reasons why
nutrient requirements may vary, resulting in a greater need for nutrients in some individ-
uals than what can be obtained from diet alone.

The question of whether nutrient supplementation may have positive effects on mental
health is not new. Scientists first investigated this possibility by studying one nutrient at a time
(e.g. thiamine, selenium or calcium). Some studies revealed small positive effects (39-41), but
most of the research was largely negative. A number of systematic reviews and meta-analyses
have highlighted the concentrated effort to find a single nutrient that would alleviate symp-
toms associated with an array of psychiatric issues such as mood (42, 43), psychosis (44),
ADHD (45) or antisocial behaviours (46). These studies report modest to low benefit from
single nutrient supplementation (47). The complex interplay of nutrients, working together
for optimal brain metabolism, underscores why the search for a single nutrient to resolve
complex psychiatric symptoms is unrealistic. Therefore, in reviewing the evidence base for
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micronutrient supplementation for mental health, we will focus on the studies of micronu-
trients given in combination as the treatment; in particular, studies that used the full array of
approximately 30 vitamins and minerals that are viewed as essential for health. We will refer
to this combination as broad-spectrum micronutrient supplementation (BSMS).

ADHD

The historical evidence for the use of micronutrients in the treatment of ADHD has been
obscured by early studies that tended to use either very small doses, showing no benefit, or
mega-doses, resulting in toxicity (48). In the past two decades, several studies have
employed BSMS to treat core ADHD symptoms at doses between recommended dietary
allowance and below upper tolerable intake level for most ingredients. Although the open-
label trials varied in length and micronutrient composition, all of them resulted in signifi-
cant improvements in behavioural functioning, including core ADHD symptoms and/or
emotion regulation (49-51). These were then followed by three RCTs.

The first RCT (52) randomised 80 medication-free adults diagnosed with ADHD to
receive either BSMS or placebo for 8 weeks. Greater improvement on ADHD rating scales
compared with placebo was found for self-report (ES=0.61) and observer ratings (ES=0.59),
but not clinician ratings (ES=0.23). Clinicians rated 48% of those taking the nutrients as
‘much’ or ‘very much’ improved compared with 21% of the placebo group (X*=6.189,
p=0.013, OR=3.4; Figure 9.1). Those randomised to BSMS, who entered the trial with
a moderately to severely low mood, reported a greater improvement in mood compared
with the placebo group (between-group ES=0.64).

A replication followed in 93 medication-free children aged 7-12, randomly assigned to
either BSMS or placebo capsules for 10 weeks (53). Clinician-rated inattention (ES=0.41) and
overall functioning (ES=0.48) improved significantly more in children who took the micro-
nutrients than those who took placebo. There were no group differences in parent- and
teacher-rated ADHD symptoms as well as clinician-rated hyperactivity/impulsivity. Across all
raters (parents, teachers and clinicians), there was significantly greater improvement in
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Figure 9.1 Percentage identified as ‘much’ to ‘very much’ improved across groups based on the Clinician Global
Impression (CGI-I).
OR=0dds ratio.
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aggression (ES=0.52) and emotion regulation (ES=0.66) for those children who took the
micronutrients compared to placebo. A meta-analysis confirms the consistency of findings
across these two RCTs, noting significant effects on clinician-rated inattention, global func-
tioning, Clinician Global Impression (CGI-I) and CGI-I-ADHD (54).

The participants in both of these RCTs were followed for 1 year, with about 80% of
those still taking the micronutrients being identified as in remission from their ADHD
symptoms (about one-fifth of the original number of participants) versus about 40% of
those on medications and about 20% of those who stopped all treatments (55, 56). The
two main reasons cited for stopping the nutrients in both studies were cost and the
number of capsules required. Continued symptom improvement over time was
reported for participants who stayed on the nutrients, suggesting that the benefit of
micronutrient treatment takes time to reach its full potential. Further, those who
switched from micronutrients to stimulant medications were more likely to have
problems with mood or anxiety compared to those who stayed on nutrients at the
1-year follow-up assessment (56).

A third RCT conducted across three sites in the USA and Canada (57) reported
remarkably similar results to the New Zealand trial (53). Of 135 randomised, 126 children
(93%) aged 6-12 completed the trial. Fifty-four per cent of the micronutrient and 18% of the
placebo group were identified as responders based on a measure of global impression of
improvement (OR=2.97; p<0.001; Figure 9.1). ADHD measures improved significantly for
both groups (p<0.01), with no significant group differences (ES=0.07). The micronutrient
group grew 6 mm more than the placebo group (ES=1.15).

In summary, open-label pilot studies and three RCTs provide promising data for the
clinical benefits of BSMS in ADHD populations.

Aggression

A broad spectrum of minerals and vitamins (sometimes combined with omega-3s) can
reduce aggression and violent incidents based on case studies, open-label studies and
multiple RCTs. The results have been reported across a range of populations, from aggres-
sive children to incarcerated adults (50, 53, 58-65). The earliest randomised trial was more
than 20 years ago, when researchers conducted a fully blinded 3-month RCT in 62
incarcerated youth aged 13-17. Those randomised to receive BSMS exhibited a 28% greater
decrease in rule violations compared with those receiving the placebo, for both non-violent
(ES=0.70) and violent (ES=0.52) offences (59).

Another RCT conducted by the same researchers found schoolchildren aged 6-12 who
received BSMS for 1 school year also improved (63). The 40 children in the experimental
group who were randomised to receive BSMS exhibited 47% fewer antisocial behaviours
requiring discipline than the 40 children who received a placebo. The antisocial behaviours
monitored in the study included threats, fighting, vandalism, defiance, endangering others
and disorderly conduct.

Other studies in incarcerated adults have reported similar findings (58, 61). Evidence
for the benefit of BSMS has continued to emerge from studies of children with explosive
rage, conduct disorder and ADHD with mood dysregulation (50, 53, 62, 66). These human
studies complement the long-standing literature on lab animals, which supports the
relationship between poor nutrition and aggression (67). In summary, there is ample
evidence that BSMS can reduce aggression.
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Anxiety and Stress

Stress, although an inevitable part of life, may contribute to nutrient insufficiency. Wired to
survive, our bodies preferentially prioritise micronutrient-dependent functions required for
short-term survival (e.g. the fight/flight response) at the expense of longer-term functions,
like concentration (68). The Triage Theory (68) refers to the preferential sequence in which
the fight/flight response takes priority over other functions. In situations of both acute and
chronic stress, supplementing with micronutrients has been shown to be an effective way to
replenish micronutrients and reduce stress in adults. Studies on stressors ranging from
natural and humanmade disasters to workplace stress (69-71) have all documented the
benefit of BSMS. Stress levels reduced to the non-clinical range in these studies, and in one
the rate of probable PTSD reduced from 65% to 19% over a 4-week period.

Autism Spectrum Disorders (ASD)

A pilot RCT involving 20 children with ASD found that those taking micronutrients showed
improvements in sleep and gastrointestinal problems, along with some suggestive trends for
improved behaviour, eye contact and receptive language (72). These same researchers
followed up with a larger RCT in 141 children and adults with autism and reported positive
effects from a modified version of the formula compared to placebo in reducing tantrums
(ES=0.51) and hyperactivity (ES=0.37), as well as improving receptive language (ES=0.40)
and overall functioning (ES=0.46), with no significant effects on play, sociability, expressive
language, sleep, cognition and eye contact (73). The formulas in both studies contained 29
nutrients and participants were monitored for 3 months. Next, the researchers conducted
an effectiveness trial comparing micronutrients combined with a variety of other therapies
(including essential fatty acids, Epsom salts, digestive enzymes, carnitine and a gluten-free/
dairy-free diet) versus no treatment over 1 year. There was significant benefit in those who
received the comprehensive treatment approach, including improvements in non-verbal 1Q,
symptoms of ASD, social responsiveness, sensory profile and aberrant behaviour (74).

A case-control study (75) systematically followed 44 children and adults with ASD (age
range 2-28 years) taking BSMS, some for up to 2 years. These individuals were later
matched by age, gender and symptom severity to 44 children and adults from the same
clinic whose families had chosen conventional medications to treat ASD symptoms. The
clinician was blinded to the treatment the participant received. Measures of parent- and
teacher-rated irritability and hyperactivity showed significant benefit for the micronutrient
group over the medication group, with medium between-group effect sizes. In addition,
clinician ratings of self-injurious behaviour intensity were lower post-treatment, with no
change in the medication group. The decreased intensity of self-injurious behaviour in the
micronutrient group was unexpected and warrants further clinical studies, as these behaviours
are among the most disturbing for families.

Mood Disorders

Numerous studies, including clinical observations and open-label trials of BSMS (64,
76-78), as well as case studies (79) and database analyses in adults (80) and children
(26) with bipolar disorder, show significant improvement in mental health symptoms
along with a reduction in the amount of medication required to maintain symptom
control for most of the participants.
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Two challenges exist in understanding the possible benefit of supplements for symptoms
of depression. The first is that in many studies, participants did not exhibit significant
depression at baseline. Not surprisingly, those participants showed little benefit from supple-
mentation, which could be a floor effect because there was little room for improvement (81).

The second challenge is that most of the studies conducted on depression have used only
a few selected nutrients rather than the broad spectrum of vitamins and minerals needed for
optimal brain functioning. The findings on selected nutrients are mixed: some show benefit
but most studies show the nutrients to be no better than placebo (82-84).

Premenstrual Syndrome (PMS)

PMS regularly affects 20-30% of all women, and 1.2-6.4% will experience an even more
severe form known as premenstrual dysphoric disorder (PMDD). PMDD includes symp-
toms of severe depression, mood swings and anxiety. Studies as far back as the 1980s
demonstrate the benefit of giving additional nutrients to treat PMS symptoms, with trials
reporting a 50% reduction of PMS complaints in the first 1-3 months of taking the
micronutrients (85, 86).

A more recent study confirmed the benefit of both B4 alone and BSMS. B4 was chosen
given its documented benefits for treating PMS (87). A blinded RCT demonstrated efficacy
for both approaches: 72% of the BSMS group and 60% of the vitamin Bg group were in
remission for PMS symptoms after three cycles (88). In addition, the women who took
BSMS during this study showed a greater improvement than the Bg group in health-related
quality of life.

Psychosis

Other than two case studies, one in a child and one in an adult successfully treated with
BSMS (89, 90), the only research that has been conducted specifically on micronutrients and
psychosis involved 19 patients who gradually reduced their medications as they added
BSMS (27). The study started as an RCT with a 1-month open-label lead-in when everyone
received the nutrients. At the end of the month, when the participants were due to be
randomised with a 50% chance of receiving a placebo, none were willing to risk being in the
placebo group. All stated they were feeling better taking nutrients. The researchers were
forced to change their study design and monitor these participants over 2 years instead,
comparing their progress to 31 patients who had chosen not to be in the trial.

At 15 months, the group taking micronutrients and gradually reducing their doses of
medication showed significantly fewer psychosis symptoms than the medication-only
group. This difference was even stronger at the 2-year mark (27). When participants took
the micronutrients, and required smaller doses of their medication to be effective, they
experienced fewer medication side effects.

Substance Use and Addiction

The link between smoking and nutrition was first observed in 1956 by Roger Williams. He
reported a 50% success rate in reversing alcohol substance abuse by improving participants’
nutrient intake, and from this work he speculated that much of the dependence on addictive
substances was due to nutrient insufficiency. Preliminary studies in the 1980s also showed the
potential of micronutrients to enable people to overcome various forms of addiction, including
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to alcohol and cocaine (91). In 2018, the first known RCT was published investigating the
impact of BSMS to reduce or stop using cigarettes altogether (92). One hundred and seven
smokers were randomised to take either the nutrients or a placebo, and all participants received
assistance from Quit New Zealand, also known as Quitline, which offers online support and
ideas on how to distract, delay and decrease cigarette consumption. Based on the participants
who received the full intervention (pills + Quitline), regardless of whether they completed the
study, 42% of the micronutrient group achieved full abstinence for 12 weeks versus 23% of the
placebo group. The micronutrients were comparable to or better than other smoking cessation
treatments, but with far fewer side effects. This quit rate was higher than that observed with
smoking cessation medication such as Varenicline (12-week quit rate: 22%), as well as Nicotine
Replacement Therapy + Quitline (12-week quit rate: 26%). Further, participants taking the
active nutrient formula smoked fewer cigarettes during the quit-attempt phase and up to 4
weeks post-quitting. Because of the high dropout rate (58%), generalisability is limited.

Supplementation during Pregnancy

A few studies have focussed on the prevention of postnatal depression using
nutritional supplements. One study showed that a broad-spectrum multivitamin and
mineral supplement taken during the preconception period decreased symptoms of
depression for women with evidence of prenatal mood problems (93).

However, very few studies have investigated micronutrients for the treatment of anxiety
and depression during pregnancy. Research that followed the infants of mothers who used
multivitamins of any type during pregnancy found that nutrient use was associated with
a reduced risk of autism at 3 years and ADHD at 7 years (94, 95), highlighting that additional
nutrients during pregnancy may reduce the risk of the development of psychiatric disorder in
those infants. Further studies are underway (96).

Safety and Lack of Toxicity of Broad-Spectrum Micronutrients

To date, no serious adverse effects have been attributed to BSMS. Several of the studies have
collected safety data from blood tests, heart rate monitoring and blood pressure before and
after exposure to the nutrients, typically over 2 or 3 months, some over several years. In all of
these studies, amounting to several hundred blood tests before and after micronutrient use, no
evidence of clinically meaningful short- or long-term harm has emerged (52, 53, 74, 97, 98).

The most commonly reported side effects have been mild and transitory (headaches,
stomach aches) and can be avoided by taking capsules on a full stomach and with plenty of
water. A minority of study participants reported feeling more agitated; lowering the dose
tended to reduce the agitation for many. In all of the RCTs, these minor side effects have
occurred equally in both the micronutrient and placebo groups (52, 53).

It is important to note these safety results are based mostly on studies conducted with
participants who are not concurrently taking psychiatric medications. Taking the nutrients
with medication needs to be monitored carefully by the prescriber and doses often need to
be adjusted - see the next section for details.

Another safety consideration is that study participants report fewer adverse effects from
micronutrients relative to medications. For instance, in the study comparing nutrients to
medications for the treatment of autism-related symptoms, the 44 people with autism who
were taking prescription medications experienced 6.5 times as many adverse events as the 44
people with autism taking micronutrients alone (75).
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Alongside safety issues, clinicians often wonder about whether the nutrient interven-
tions are only useful to people who have an identified deficiency in a particular nutrient,
such as vitamin D or zinc. A number of studies have revealed that a baseline deficiency, as
indicated by blood nutrient levels, was not useful for predicting who would benefit clinically
from supplementation. Two of the ADHD RCTs reported that a few nutrients modestly
predicted outcome (100, 101), but the three main findings were: (1) the vast majority of the
baseline nutrient levels fell in the normal range across both studies (72% of the samples had
nutrient levels in the ‘normal’ range) and pre-treatment nutrient levels were not associated
with ADHD symptom severity; (2) nutrient levels before treatment did not reliably predict
who would respond to the treatment, meaning that people who had ‘normal’-range nutrient
levels had a similar response rate to those who had ‘abnormal’ nutrient levels; and (3)
change in a nutrient biomarker did not correlate with symptom improvement (102). Other
researchers have also found that serum levels of specific micronutrients (e.g. vitamin D,
folate and B12) are poor predictors of response to nutrient interventions for people with
mood and psychotic disorders (103). The term ‘nutrient deficiency’ may be misleading as it
suggests that individuals are deficient relative to the average population. If an individual’s
nutritional needs are higher than the average population, then nutrient levels will not assist
in identifying who is deficient relative to their own individual metabolic needs. Therefore,
based on the current published evidence, nutrient testing is not a prerequisite in considering
the possible benefit of nutrient supplementation.

Clinical Application

The majority of the evidence in children and adults described in this chapter comes from
two formulas developed in Canada (EMPowerplus™ and Daily Essential Nutrients™); the
research for these two formulas has been conducted by independent researchers who did
not receive any funding from the manufacturers. The manufacturers do provide the active
and placebo capsules for scientific research. Cited in the references are most of the 40 peer-
reviewed publications on these two formulas. In addition, there are combinations of
nutrients that have been studied for aggression in Europe (various brands) and for autism
in the USA (ANRC Essentials Plus™), which have also been tested in controlled trials.

It is noteworthy that the typical over-the-counter vitamin/mineral formulas for chil-
dren, of which 22 were examined in a New Zealand study, contain only small doses of the
micronutrients compared to the amounts in the formulas for which research has shown
mental health benefit (104). A systematic review and meta-analysis of micronutrients for
psychiatric conditions also highlighted the limited ingredient range and low dosage of many
studied formulas (54). Typically, the cost of micronutrients is paid by the family, and if
prescribed by a physician, a health-care savings account can be used to purchase them.
Funding for micronutrient supplements is currently an issue that could be resolved if
insurance companies and the public health-care system covered the cost. Research from
two case studies demonstrated that BSMS treatment cost less than 10% of conventional
inpatient care (89, 90).

For psychiatrists, general physicians or other prescribing clinicians, the growing research
on the use of BSMS for mental health provides a foundation for educating patients and
families about the importance of nutrition in brain and behavioural health. Historically,
information about nutritional approaches to mental health and studies on nutrient supple-
mentation have not been included in medical or other clinician education or training
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curricula; hence, the expanding research in the field provides significant challenges (in
addition to opportunities) in clinical practice. The following general clinical considerations
are offered as an introduction, with recommendations for further training and education for
practising clinicians.

For patients with ADHD who are not already on psychotropic medications, who prefer to
begin with a nutritional (non-medication) approach to their treatment, and for whom the cost
is not prohibitive ($50-100 per month currently, depending on dose and formulation), it is
reasonable to explore the option of a BSMS trial. As part of the informed consent process, it is
important to provide education about the pros and cons of a nutritional approach and the use of
BSMS. It must be acknowledged that large long-term studies do not yet exist on BSMS, and that
nutritional supplements, unlike medications, are not subject to the Federal Drug
Administration (FDA) approval processes. The clinician can inform the patient or family that
the current data on BSMS shows a good safety profile and studies have demonstrated improve-
ments with ADHD symptoms, particularly irritability, explosive rage and emotion dysregula-
tion. Patients need to be made aware that although broad-spectrum micronutrients are not
medications, they can have profound effects on the body (and mind) and require close
monitoring and communication with the patient’s physician or other prescribing clinician.
BSMS can have positive (or rarely, negative) effects on sleep, energy, mood and bowel
movements; for example, if taken late in the evening, the B vitamins in the BSMS can contribute
to insomnia, or those with pre-existing gastrointestinal issues can see a worsening, likely
secondary to difficulty with absorbing and metabolising the micronutrients.

Although BSMS has a good safety profile in clinical trials with medication-free partici-
pants, there have been repeated clinical observations that BSMS potentiates (or amplifies)
the effect of psychotropic medications. Therefore, once BSMS is added at therapeutic levels,
the patient may begin to experience medication side effects that were not present on the
same dose of medication prior to initiation of BSMS. The mechanism of action for potenti-
ation is not fully known; however, with increased availability of vitamins and minerals
which serve as cofactors, there may be more efficient synthesis of neurotransmitters.
Secondly, some vitamins and minerals act as inhibitors of the cytochrome enzymes involved
in drug metabolism, thereby effectively increasing their level in the body. To address
potentiation, it is recommended that medication dosage be decreased in small increments
while the BSMS is titrated up to full dose. This is a delicate balance, as too large a decrease
of psychotropic medications can cause withdrawal symptoms. It is strongly recommended
that clinicians wishing to use BSMS for patients taking psychotropic medication
(including non-psychiatric medication that has psychotropic effects such as thyroid
medication and glucocorticoids) seek additional training on how to cross-titrate BSMS
and medications. During the cross-titration process, ongoing communication between
patient and clinician about improvements and/or side effects is essential for optimal
treatment outcomes. Given the risk for potentiation and the need for a medical review
prior to initiation of BSMS, it is strongly recommended that non-prescribing clinicians
who believe that BSMS may be appropriate for a patient ask their patient to discuss their
interest with their physician/prescribing clinician prior to initiation.

BSMS can also be used for patients who are seeking to lower their dose of medications
and for those who have experienced an inadequate response to psychopharmacological
treatment and want augmentation or alternative approaches to address residual symptoms.
In these cases, peer supervision and additional training of the prescribing clinician is
paramount. From clinical experience, with training and mindful titration of BSMS, many
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patients can experience symptom improvements, reduced side effects and an overall sense
of enhanced health on lower doses of medications such as stimulants, antidepressants,
anti-anxiety agents, antipsychotics and mood stabilisers (75). Additionally, those experi-
encing inadequate response to BSMS alone can receive augmentation with psychotropic
medications, introduced at low doses and titrated slowly. Additional clinical scientists,
research investment and clinical studies are needed to address the nuances of indications,
optimal dosing, titration and potentiation.

Time to response may be within days to weeks, depending on the unique patient. From
clinical experience, for those not on medications who need to be cross-tapered, mood
regulation improvement is often seen within 2 weeks of initiating BSMS. Given most of
the clinical trials were around 8-10 weeks in duration, it is reasonable for clinicians to
conduct a 3-month trial before concluding that a patient is unresponsive to BSMS interven-
tion. Research indicates that best outcomes emerge in those who stay on the BSMS for at
least 1 year (55, 56).

For strict and relative contraindications, see Table 9.1. Prostate cancer is considered
a strict contraindication as a prospective study found that using above the recommended
doses of three commercial multivitamins was associated with an increased rate of prostate
cancer spread (105), though not in the incidence of de novo cancer. The implications of this
finding for other cancers are not known.

Both EMPowerplus™ and Daily Essential Nutrients™ have recommended dosages and
titration schedules created by the manufacturers, which can be obtained by contacting
them directly. Dosage is 4-12 capsules per day depending on the selected formula, the
patient’s age and the symptoms being targeted. For example, the dosage of Daily Essential
Nutrients™ used in the Micronutrients for ADHD in Youth (MADDY) trial (57) of
paediatric ADHD was the following: for ages 6-8, participants were titrated up to three

Table 9.1 Contraindications for using broad-spectrum micronutrients

Strict contraindications for the use
of BSMS

Wilson disease (risk for copper overload)

Hemochromatosis and hemosiderosis (risk
for iron overload)

Phenylketonuria (EMPowerplus™ contains
phenylalanine, but Daily Essential Nutrients™
does not)

Trimethylaminuria (risk for choline overload)

Prostate cancer (theoretical)

Relative contraindications for the use
of BSMS

Inability to reduce recreational drug use,
including high caffeine or nicotine intake,
alcohol use (concern for potentiation)

Legally or medically required treatment with
central nervous system active agents at fixed
dosages (concern for potentiation)

Severe hyperlipidaemia or severe protein
malnutrition (concern for increased
susceptibility to vitamin A toxicity)

Liver or renal disease, especially alcohol-related
(theoretical)

Confirmed malignant cancer of any type
(theoretical)

Epilepsy (concern for potentiation of anti-
seizure medications)
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capsules three times a day by day 5. Participants were able to decrease to six capsules
per day if there were side effects. Participants aged 9 and above had the same titration
schedule, but at week 4 they had the option to increase to four capsules three times a day if
they did not have any side effects and there was insufficient improvement. Of note, the
participants were not on any psychotropic medications during the MADDY trial. In the
adult trials using Daily Essential Nutrients™, participants were titrated up to 12 capsules
per day in three divided doses over the course of 1 week (106). For the stress studies, four
to eight pills of EMPowerplus™ were used. For individuals who are unable to tolerate
capsules, a powdered formulation is also available that can be made into a smoothie.
Additionally, capsules can be opened and poured into apple sauce/yogurt; however, some
children do not tolerate the taste.

There are no official treatment guidelines for baseline blood work to be done prior
to initiation and/or later as follow-up testing. Out of caution, some clinicians may
choose to do baseline screening, which may include a complete blood count, comprehen-
sive metabolic profile, and calcium, phosphate, magnesium, copper and ceruloplasmin,
vitamin B12, 25-OH vitamin D, folate, and iron studies. In the absence of large studies of
long-term use, it may be prudent to do occasional follow-up laboratory testing. There is
no current evidence to suggest these two formulas cause any significant adverse events
(see previous section on safety). Since BSMS does not contain omega-3s or significant
amounts of iron and vitamin D, these may need to be added separately in cases of
individual deficiencies. For an expanded review of BSMS in clinical practice, please see
chapter 6 of Complementary and Integrative Treatments in Psychiatric Practice (99).

Conclusions

Research evidence underscores the importance of eating a healthy diet for achieving and
maintaining optimal mental health, and given the robust evidence across multiple different
research methodologies, including observational, prospective and randomised controlled
trials and meta-analyses, clinicians have a responsibility to talk to their clients about this
connection. For some clients, eating a whole-foods diet may not be sufficient to optimise their
brain health. This chapter provided the rationale for why it may be necessary for some
individuals struggling with mental health issues to consider supplementary nutrients.
Considerations include both individual and environmental factors, such as chronic stress,
medication use, gut health, individual biochemistry and consuming nutrient-depleted food.
All of these factors argue for a broad spectrum of nutrients to be consumed in order to address
personal deficiencies and metabolic needs or environmentally induced nutrient depletions.

The evidence base for treating psychological problems with supplementary nutrients
highlighted the potential effectiveness of a broad spectrum of micronutrients for ADHD,
autism, aggression, stress, anxiety, mood disorders and psychosis. The breadth and consist-
ency of the research show the importance of receiving a good foundation of nutrients for
supporting psychiatric problems. Documented safety and lack of toxicity provide reassur-
ance that this treatment approach does not result in serious adverse events or substantial or
continuing side effects.

In any discussion of nutrient supplementation, it is essential that supplements are not
viewed as a substitute for a healthy diet. Given this field is rapidly expanding, with studies
underway to further investigate mechanisms of action, others replicating and adding greater
methodological rigour to the published studies, and further RCT's exploring the efficacy of


https://doi.org/10.1017/9781009299862.010

Broad-Spectrum Micronutrients and Mental Health

165

micronutrients in the treatment of a variety of disorders, clinicians will have a wealth of data
available to inform their work. This review provides foundational knowledge, as well as
resources for further exploration for clinicians motivated to educate themselves about the
field of nutrition and mental health.
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Epigenetics

. Lynda Sedley

Summary

Like microorganisms, the human subspecies can be characterised by subtle
differences at the genomic and epigenomic levels. The divergence is due to
epigenetic adaptations to variations in environmental conditions and dietary
staples. It is evident that environments or food choices which may be essential
to sustain life in one population may be toxic to another. However, the
recognition of evolutionary biodiversity has been largely ignored with universal
nutritional standards and fortification of dietary staples with epigenetic
modulators. Because of environmental concerns, global consumption of plants
as a primary food is rising; epigenetic adaptation of biological pathways and
microbiomes is required to adjust for the loss of bioactive molecules previously
obtained from animal-based diets. The resulting epigenetic inflexibility may lead
to over- or under-compensation of biological pathways and disease.

This chapter discusses the modern interpretation of epigenetics as the complex
plasticity of the epigenome and its DNA sequence, demonstrating the potential
for modulation of epigenetic pathways through nutritional, microbiome and
environmental modifications.

Introduction

In 1942, embryologist Conrad Waddington proposed the name ‘epigenotype’ to describe the
complex developmental processes between genotype and phenotype (1). There have been
many perspectives; today, epigenetics refers to the regulation of gene expression without an
alteration in the DNA sequence (2). However, this description may also require revision, as
the more we learn about the epigenetic modulation of chromatin, the more we discover
about the diversity and plasticity of its sequence.

The Epigenome

The epigenome is a highly dynamic histone chromatin complex composed of salt bridges,
hydrogen bonds, and hydrophobic and hydrophilic electrostatic interactions between DNA,
ribonucleic acid (RNA) and histone proteins (3).

For a long time, we have considered the basic structure of the genome to be composed of
four primary nucleotides - guanine (G), thymine (T), adenine (A) and cytosine (C) — which are
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supported by a phosphate backbone forming a double-helical structure through hydrogen
bonding of base pairs (4). Any deviation from this structure was speculated to be mutagenic.
We now understand that the genome is far more structurally versatile than previously thought
(5). The Watson-Crick model of base pairing describes only one of the many ways nucleotides
can pair through hydrogen bonding (6).

Alongside epigenetic modifications, nucleotides contribute to chemical versatility through
adopting isomeric forms, known as tautomers (keto %= enol) (7). Tautomers differ in the
position of hydrogen (8). Computerised molecular dynamic (MD) simulations of Grotthuss’
mechanism of water (H,O) molecules have helped to describe how proton (H") hopping
influences the tautomerisation of nucleic acids (9) and amino acids (10). Rare tautomeric
nucleotides are proposed to enhance the structural and functional diversity of RNA (5).

Chromatin

Chromatin is dynamic. The chemical composition of chromatin determines the structural
organisation, protein interactions, gene accessibility and expression (11).

Histones

Four positively charged core histones, rich in lysine and arginine, comprise the histone
octamer, a heterotetramer of histone H3 and H4 and two dimers of H2A-H2B (12).
Histone tails maintain chromatin stability through charge-specific electrostatic inter-
actions with each other and DNA (3). All histones except H4 have several variants
which are cell- and phase-specific and can be exchanged by histone chaperones or
chromatin remodelling complexes (CRC) when required. There are 11 human variations
of linker histone (H1), most of which are found within a major cluster on chromosome
6 (13). Histone proteins contain amino acid domains of serine, proline, lysine and lysine
(SPKK), which prefer to bind to AT-rich segments of DNA (14). The N terminal tails of
all core histones (15) plus an additional C terminal tail for H2A extend out of the
surface of the nucleosome, comprising 28% of the core histone mass (16). The majority
of histone modifications occur at the N terminal tails; core modifications have also been
demonstrated (17) (Figure 10.1).

Nucleosome

A 145-7-bp segment of DNA wraps the cylindrical octamer 1.66 times, forming
a nucleosome. Nucleosomes are connected by a segment of linker DNA (18) (Figure 10.1).

H1 contribute to structural support and condensation of nucleosomes by bridging linker
DNA (19). H1 are associated with nucleosome repeat length (NRL), which is the average
spacing between nucleosomes (13). Half to all nucleosomes contain a H1 (20). Studies in
chicken embryos suggest it may be possible for a nucleosome to bind two H1 (21). The
nucleosome is composed of 6% more protein than DNA and is responsible for the first level
of DNA compaction known as the 10-nm fibre (3) (Figure 10.1).

Studying Nucleosomes

To study nucleosome arrays, Widlund and colleagues extracted murine nucleosome DNA
and found TATA elements containing adenosine extensions TATAAA/C form the most
stable nucleosomes (22).
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Figure 10.1 Chromatin throughout the cell cycle.

Epigenetic modulation, X chromosome inactivation, expansion and compaction of chromatin throughout the cell
cycle. Adapted from 306.
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Shortly thereafter, Widom and Lowary (1998) created the AT-rich sequence known as the
Widom 601 sequence to study nucleosome positioning arrays. Widom’s sequences had
slightly fewer TATA elements and more CTA elements. Interestingly, the CTA trinucleotides
did not have typical complementary bases (23). This may be due to the sequence being derived
from mature chicken erythrocytes which, unlike mammalian erythrocytes, retain their nuclei
and the chromosomes remain completely heterochromatic and inactive (24).

The Histone Code

It has been over 30 years since Strahl and Allis proposed the controversial histone code
hypothesis, where specific modifications to one or more histones, either sequentially or in
combination, provide instruction for other proteins to orchestrate downstream genomic
events (25).

Histone Post-Translational Modification

After the histone code proposal there was an explosion of interest in and the discovery of post-
translational histone (PTM) modifying elements, including but not limited to methylation,
acetylation, phosphorylation, o-glycosylation, ADP ribosylation, ubiquitination, sumoylation,
citrullination, succinylation, dopaminylation, serotonylation, nitrosylation, glutathionylation,
crotonylation, hydroxylation, propoinylation, butyrylation and carbonylation (26).

A histone-modifying element is a functional group with a unique atomic charge
distribution that can attach to a specific amino acid residue of the histone tail (27).
Electromagnetic energy transfer via modifications disrupts the established electrostatic
interactions, contributing to dynamic structural changes which enable or disable
interactions with proteins (27).

Modifications are unique to each cell and cell-phase and are often the product of an
enzymatic reaction (28). Communication between histone modifications can occur at the
same amino acid residue, on the same tail or between different tails (29). Amino acid
residues within histone tails are encoded for simplicity. For example, the addition of
a methyl group at histone 3, lysine 9 can be described as H3K9me (30). The proteins
responsible for these modifications belong to the epigenetic hierarchy of readers, writers
and erasers which are categorised by their binding domains, and often work together,
forming large protein complexes (31).

Methylation

Methylation is the enzymatic or non-enzymatic attachment of a single carbon alkyl methyl
group to an amino acid, nucleotide or protein (32).

One-Carbon Metabolism

One-carbon metabolism (1 CM) is the primary biological process responsible for the supply
and storage of endogenous alkyl (CH;) units for epigenetic and non-epigenetic purposes
(32). CHj is transferred to homocysteine in a cobalamin-dependent enzymatic reaction by
the enzyme 5-methyltetrahydrofolate-homocysteine methyltransferase (MTR) in the final
step of methionine re-synthesis (33). Methionine is then adenylated by ATP forming
s-adenosyl-methionine (SAM or AdoMet), the primary adenosyl and CH3 and donor for
protein methylation. Methionine adenosyl-transferase genes MAT1a, MAT2a and MAT2b
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transcribe the subunits of the protein responsible for SAM synthesis and have regulatory
and catalytic roles in ATP-dependent adenylation and methylation (34) (Figure 10.2b).
MAT enzymes are regulated by a large group of highly specific promoter binding transcrip-
tion factors (35) and epigenetic marks (36).

CHj; molecules are added to medicines to provide a steric hindrance and inhibit interactions
with neighbouring molecules (37). Fruit, vegetables, antioxidants (38) and cytochrome P450
metabolism of pharmaceuticals (39) contribute to the carbon pool via the production of
formaldehyde (40). Our environment contributes to the pool of endogenous CH; through
ultraviolet oxidation of the atmospheric greenhouse gas methane (CH, = CH; + H) (41). The
microbiome plays an essential role in regulating CHj; availability through the production of
CH; carriers such as folate (42). Methanogenic archaea play an important role in maintaining
homeostasis through the synthesis of methane (43).

Radical SAM

Radical SAM is a SAM-dependent superfamily of proteins found in over 126 species (44). There
are currently eight known human radical SAM proteins (45). Radical SAM proteins bind an
auxiliary iron-sulphur (4fe-4S) cluster with three sulphur-containing cysteine residues
CXXXCXXC (46). The remaining unbound iron from the cluster binds an alpha-amino and
alpha-carboxylate group of SAM (46). This structure facilitates the cleavage of a 5’deoxyadenosyl
radical via electron transfer from the 4fe-4S cluster to the sulphur atom of SAM and cleavage of
the CH; radical (47). The 5'deoxyadensyl radical is an extremely powerful single-electron
oxidant that can translocate hydrogen from a molecule (48). CH; cleavage is reversible and
may self-regulate the redox reaction through the atomic spin at the iron centre (49).

DNA polymerase and DNA repair proteins contain 4fe-4S clusters (50). 4fe-4S clusters
can replace zinc in proteins containing zinc finger domains (ZFD) or work in conjunction
with zinc, suggesting radical methylation may play a much larger role in epigenetic
modifications than previously thought (51).

Histone Methylation

Histone methylation is regulated by a specific set of writer enzymes referred to as methyl-
transferases. Histone methylation can repress (H3K9me) or promote gene expression
(H3K4me) depending on which histone amino acid residue is modified (52).

Histone Demethylation

Histone demethylation can occur by three known biological processes. A specific set of
eraser enzymes referred to as demethylases enzymatically remove histone methylation
marks (52). The jumonji C domain-containing demethylases are regulated by the tricarb-
oxylic acid cycle (TCA) and produce succinate as a by-product from the metabolism of the
ketone alpha-ketoglutarate (aKG) (53).

The lysyl oxidase family of enzymes (LOX) deaminate methylated histone lysine res-
idues. The ability to produce multiple transcript isoforms gives LOX a diverse specificity for
histone lysine residues (54).

Cathepsin is a protease enzyme that shares sequence homology with the plant enzyme
papain. Cathepsin is found in the nucleus and is shown to modify histones through cleavage
of the tail. Histone modifications are said to play a role in tail cleavage specificity, but
conflicting results suggest more research is needed to determine how histone modifications
influence the site of cleavage (55).
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Cyclic Biological Processes

The human body is designed to work in perfect harmony with its environment. Epigenetic
mechanisms rely on our environment for cues and cyclic biological processes rely on the
infinite fluctuation of epigenetic mechanisms to adapt to changing conditions.

Circadian Rhythm

The central circadian rhythm (CR) is driven by fluctuating epigenetic mechanisms, result-
ing in oscillations of biochemical, physiological and behavioural functions that occur every
24 hours (56). Dysregulation of the CR has been implicated in most psychiatric and
metabolic pathologies (57).

Photoreceptors that receive environmental cues for the central sleep/wake circadian
pacemaker are found abundantly in the eye. Light-induced cues are absorbed by pigmented
photoactive chromophores and converted to intracellular signals in the central pacemaker
located in the suprachiasmatic nucleus (56).

Cryptochromes (CRY) are a family of mammalian photoreceptors containing a flavin
adenine dinucleotide (FAD) and pterin chromophore (56). CRY regulate CR through
negative feedback inhibition of CLOCK genes (58). CRY genes have been associated with
depression (59) and sleep regulation (60).

When exposed to light, FAD drives electron transfer from an excited state to its reduced
form, resulting in a rearrangement of chemical bonds. The pterin chromophore acts as
a light harvester, transferring energy to the catalytic centre of the photoreceptor (61).

Photoreceptors and CLOCK genes are found in peripheral tissues and demonstrate cell-
specific clocks independent of the central pacemaker. For example, feeding rhythms are
synchronised by the CR of the liver (62). CR drives cell division, where key genes responsible
for cell division are driven by circadian genes and disruptions to the CR have been implicated
in various cancers (63).

Cell Cycle

During the cell cycle, chromatin displays many levels of compaction to allow for the
changing conditions of transcription, replication and mitosis (18).

Cells with high turnover rates such as gastrointestinal epithelial cells may go through all
phases of the cell cycle within a 24-hour period, whereas other cells may remain in G0-Gl1
until senescence (64) (Figure 10.1).

Cell Cycle: G2 Phase

10-nm Fibre

G2 is considered the metabolically active phase of the cell cycle. In low-salt in vitro
conditions, the 10-nm fibre is euchromatic and resembles beads on a string (65). Longer
NRLs are associated with active transcription and allow for greater protein interactions (66).

Promoter regions of euchromatin are generally nucleosome depleted regions
(NDR). However, even during G2, approximately one-third of the genome remains heavily
condensed (67). AT-rich segments of DNA are associated with transcription (68). TATA box
elements are found in high frequency at gene promotors and are a key recognition site for
transcription factor (TF) binding (69). In euchromatin, a nucleosome can be found
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approximately 100-200 bp upstream of a transcription start site (TSS) (—nucleosome) and
a second nucleosome can be found immediately downstream (+nucleosome) (66)
(Figure 10.1).

Acylation: G2 Phase

The earliest-discovered protein acylation (Ac) was histone lysine acetylation (70).
Acetyltransferase enzymes (FAT) have many roles in regulating gene expression and are
commonly associated with euchromatin and active gene expression (52). Sometimes histone
acetyltransferases are referred to as HATs and lysine acetyltransferases are referred to as
KATSs (71). Acetylation of H4K16 is one of the most-studied histone modifications which is
shown to be essential for maintaining the 10-nm fibre (72).

Acetylation is regulated by compartmental acetyl CoA availability through oxidation of
fatty acids and pyruvate (73). Acetyl CoA (4°) is a high-energy acetylated tetra-anion and
pantothenic acid containing adenosine triphosphate ribonucleoside (74). Histone acetyl-
transferase (HAT) enzymes write the electro-negative acetyl (CH;CO) moiety from acetyl
CoA to a specific positively charged amino group (NH'1) of lysine at the N terminal,
reducing the electro-positivity and contributing to specific structural change (73).

Each additional acylation contributes to greater relaxation of the electromagnetic
interactions between the negatively charged DNA backbone and the positively charged
histones. Cleavage of the acetyl moiety from acetyl CoA contributes to the pool of high-
energy ATP for ATP-dependent CRC or phosphorylation, further contributing to an open
state of chromatin (75).

The repertoire of histone acylation has recently expanded with the identification of fatty
acids and other acyl-containing metabolic by-products showing histone and non-histone
acylation properties (76). Several classes of histone acetyltransferase enzymes, KAT2A, Tip60
and MOF, can utilise the alternative acyl substrates, and their activity depends on the size and
electromagnetic charge of the substrate. Histone lysine acetyltransferase KAT23B seems to be
highly versatile, whereas KAT2A has a higher affinity for the penta-anion succinyl-CoA (5°)
than for acetyl CoA (4°) because of its greater electro-negativity (73).

Deacetylation

Histone deacetylase enzymes (HDACs) erase the applied acylations. Humans have 18
known HDACs which have been divided into four classes. Classes I, II and IV require
zinc (Zn2") for catalytic mechanisms (77).

Nicotinamide adenosine dinucleotide (NAD™) is a redox photocatalyst and cofactor for
class III sirtuin HDAC reactions (78). NAD" contains two chromophores (79) and its role is
to initiate an electron transport chain in a reduction reaction, forming NADH (78). NAD" is
reduced via the transfer of hydrogen from the cleavage site of acetyl-lysine, ultimately
producing free nicotinamide and a 2’-o-acetylated-adenine dinucleotide phosphate ribose
(77). However, like acylation, the reaction mechanisms differ depending on the length and
electrochemical properties of each acyl substrate (80). Nicotinamide is a known inhibitor of
sirtuin (77); however, its inhibition also depends on the rate of deacylation and the substrate
chain length (80).

Two classes of sirtuin inhibitors (HDACi) have been defined: those that interact with
NAD binding sites and those that interact with acetyl binding sites (77). The microbiome
contributes to epigenetic mechanisms through the production of short-chain fatty acid
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(SCFA) metabolites (81) such as lactate and butyrate. SCFAs regulate epigenetic mechan-
isms such as HDAC and acylation (77) through interception at acetyl binding sites (82).

Transcription

Transcriptional activation occurs in three stages: the opening of chromatin structure, the
assembly of a preinitiation complex (PIC) and the transition to productive transcription by
RNA polymerase II (POL II) (83). Ultimately, Pol II produces a complementary strand of
pre-messenger RNA (pre-mRNA) (18). Transcription start sites (TSS) begin at the 5’ prime
untranslated region (5’UTR) of a gene, usually preceding a methionine start codon (AUG).
However, we are beginning to see a growing number of genes using alternative or multiple
start codons (84). Dihydrofolate reductase enzyme (DHFR) uses AUG and the alternative
ACG, AAG start codons (85).

It was long thought that nucleosomes were inaccessible to protein and rendered inactive.
We now understand that pioneer transcription factors (TF) can bind nucleosome DNA and
recruit transcription machinery for the activation of transcription. Pioneer TF OCT4
regulates embryonic differentiation by competing with H1 at the linker DNA entrance to
the nucleosome (86). However, for transcription to occur, POL II must overcome the tight
nucleosomal barrier (87).

Mechanism of Intranucleosome Transcription

When POL II approaches an encountered nucleosome, it partially uncoils the nucleosome
from behind, slowly forming a small intranucleosomal loop and pausing to allow for
uncoiling (88). This pause and partially uncoiled DNA is said to initiate TF recruitment
and mark the position of histone acetylation for greater relaxation of chromatin (89)
(Figure 10.1).

Acetylation and Transcription

HATSs with co-activating functions are recruited to TSS but are insufficient to promote
histone acetylation on their own (89).

Chromatin Remodelling Complexes

CRCs are multi-protein complexes that use energy from ATP hydrolysis to change the
position of a nucleosome by sliding, altering or displacing histones. Four primary CRC
families have been characterised: SWI/SNF, INO80, ISWI/NURD and CHD (18). Brahma
(BRM) and Brahma Related Gene 1 (BRDI) are the human homologous subunits of the
yeast SWI/SNF CRC (90). SWI/SNF can remodel nucleosomes without losing a histone or
displace an entire histone octamer which can be inserted into a new segment of DNA (18).
SWI/SNF subunit variations can be switched during different stages of development to
enhance AT binding specificity (91).

Bromodomain Readers

Bromodomain proteins contain an acetyl-lysine binding pocket that can bind acetylated
chromatin and other acetylated proteins (18). Both SWI/SNF subunits contain bromodo-
mains and read lysine-acetylated proteins to promote transcription (92). SWI/SNF can
recruit many TFs, forming very large complexes that can interact directly with DNA,
protein and other modifications, like methylation (93) (Figure 10.1).
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Transcription Factors

TFs recruited to the PIC can promote the enhancement, insulation and/or activation of
transcription (93). TFs were traditionally classified by their mechanism of action; however,
this conception has been questioned because of TFs’ ability to recruit multiple cofactors
with opposing effects (94). Approximately 1,639 TFs have been catalogued which are
regulated by PTM to assist in recruitment, duration of binding and structural diversity (94).

TSS-associated TF and HATSs can also contain bromodomains; therefore, while promot-
ing acetylation, they can bind acetylated proteins and be bound by other proteins with
bromodomains, ultimately forming large multi-protein acetylated complexes (95)
(Figure 10.1).

Compartmentalisation

Liquid-liquid phase separation distinguishes the nucleoplasm from the cytoplasm (96).
Multi-bromodomain proteins can induce droplet-like phase separation of acetylated chro-
matin distinctly different to unmodified chromatin. Chromatin may adopt different phase-
separated states to influence the dynamic properties and cell epigenetic requirements (97).

Cell Cycle: Interphase
30-nm Fibre

The second level of DNA compaction is observed in vitro where the coiling of the 10-nm
fibre results in a 40-fold reduction in DNA length and a fibre diameter of approximately
30 nm (18). Three early models exist:

o Single-start solenoid (Klug, 1979) (98).

o Two-start helical ribbon (Worcel, 1981) (99) and reproduced by Woodcock in
1984 (100).

o Two-start cross-linked fibre (2SCLF) (Williams, 1986) (101).

In 2014, a replica was produced of the widely accepted 30-nm 2SCLF model using cryo-
electron microscopy (EM) which defined the nucleosomes as stacked in a dyad head to head
through their octamer surfaces and zig-zagging back and forth, twisting against each other.
Three tetranucleosomal units are attached by straight linker DNA (102).

Because of the many variables in laboratory procedures, the structure of the 30-nm fibre has
been the subject of much debate (103). Despite the controversy, the 30-nm fibre is said to exist
through interphase and has been associated with both active and restricted transcription (98).

In physiological conditions, DNA and chromatin spontaneously flow like a wave,
fluctuating in conformations as though breathing. DNA breathing is modulated in vitro
with modification of salt concentrations or temperature (104). Observing chromatin’s true
form has been difficult experimentally. Scientists are turning to MD computational simula-
tions to provide greater insight into the physical properties and dynamic interactions of
biological structures (105).

The hydration of DNA plays an important role in the dynamics and function of the
epigenome (106). The coupling of DNA to H,O molecules allows for ultra-fast vibra-
tional energy exchange and molecular communication (107). The most recent model
describes a fluid/liquid-like chromatin which condenses into an irregular polymorphic
ensemble, where nucleotides engage in a steady flow of interactions with a wide range of
molecules (103).


https://doi.org/10.1017/9781009299862.011

Epigenetics 181

A recent MD simulation explains why we see model variations in vitro. Constraining the
nucleosome DNA to remain unnaturally and permanently attached to the histone core in
physiological salt concentrations of 0.15% NaCl directs chromatin into the two-start 30-nm
zig-zag structure equivalent to the cryo-EM model. However, when constraints are relaxed
comparable to the natural flow of molecular exchange through compartments, the chroma-
tin transforms into the fluid-like structure (103).

Chromosome Territories

Hi-C technology, a method that probes the three-dimensional structures of whole genomes,
showed chromosomes are defined to territories within the nucleus during interphase.
Chromosomes are shown to segregate spatially to form two genome-wide compartments
which can be differentiated by the level of density and the quantification of active genes. The
dense DNA regions resemble a globule segregated into fractions that enable easy unfolding
of any genomic locus (108). Segments from the territories of the same chromosome or from
different chromosomes can form hubs around interchromatin granules, like nuclear
speckles which contain nuclear equipment and interact for a common cause, such as
splicing or gene repression (109).

Topological Associated Domains

Hi-C technology has allowed us to visualise the early descriptions of looped extrusions from
highly condensed chromosomes which we now refer to as topological associated domains
(TADs) (110). The spatial organisation of the genome is linked to its biological function
through TADs (111). For example, Lox gene overlaps with genes associated with tissue
repair members of the extracellular matrix (112).

The human genome contains approximately 10,000 TADs which contain sub-domains
within these boundaries (113). TADs are defined by distinct histone marks and the loops are
anchored to the chromosome axis at the TAD boundary by a CCCTC binding factor
insulator protein encompassing cell-specific promoters and enhancers (110).

Cell Cycle: DNA Replication (S Phase)

During replication, chromatin doubles in mass as DNA is replicated for cell division
(mitosis). The nucleosome structure is disrupted at the replication fork and the strands of
DNA are separated. Replication occurs in three stages: initiation, elongation and termination.
Each stage requires a highly organised set of proteins. Once DNA is replicated, nucleosomes
are rapidly generated on both the parent and daughter chromosomes (18) (Figure 10.1).

Acetylation

Maintenance of the genome throughout the cell cycle relies on newly synthesised histones
and the assembly of new nucleosomes (114). Histones are transcribed during replication
and inserted into new nucleosomes as they are synthesised. The H1 transcriptome increases
only during replication and falls back to basal levels thereafter (115). Histones are acetylated
and the acetyl is removed upon insertion into the nucleosome (18) (Figure 10.1).

Phosphorylation

H1 phosphorylation progresses incrementally during the cell cycle, becomes maximal during
the late G2 phase and decreases sharply by the end of the telophase (13) (Figure 10.1). During
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replication, both phosphorylated and unphosphorylated H1 forms exist. H1 phosphorylation
remains maximal on the original chromosome until the citrullination of the H1 arginine
residue displaces the phosphorylated histone and decompacts the chromatin for replica-
tion (116).

DNA Methylation

Cells deficient in DNA methylation struggle to complete replication (117). DNA methyla-
tion is the most widely studied epigenetic modification and may also be one of the least
understood. It is the prevailing assumption that DNA methylation occurs only at consecu-
tive C and G dinucleotides joined by a phosphate bond, known as CpG (18).

In 1987, Woodcock and colleagues showed most of the DNA methylation in the human
was not CpG and 54.5% DNA methylation in splenic tissue was applied to minor dinucleo-
tides CpA, CpT and CpC (118). In 1970, Hayatsu demonstrated the modification of cytosine
carbon 6 with the addition of a sulphur salt (119). Today this method is known as sodium
bisulphite sequencing and is used to better understand DNA methylation. Bisulphite
sequencing has allowed us to identify functional non-CpG methylation (120) such as
CpA, which comprises 25% of all modified C in embryonic stem cells (121), an epigenetic
mark which is lost upon differentiation (122).

Clusters of CpG known as islands (CpGi) are found in 60% of gene promoters and are
usually found unmethylated but may be methylated in a tissue- or cell-phase-specific
manner (123). Unmethylated CpGi provide ideal conditions for binding of Zn-containing
proteins for modification by methylation or crosstalk between histone methylation through
the binding of TFs which can recruit and establish activating histone methylation modifi-
cations such as H3K4 (124). Tissue-specific modifications associated with gene inactivation
can occur at CpG island shores and are found approximately 2,000 bases from CpGi (125).

DNA methylation in the body of genes has been compared in the inactive and
active X chromosomes. Gene-body methylation promotes gene expression in the active
X chromosome and has a direct inverse relationship with the CpGi of the inactive
X chromosome (126). Most DNA methylation occurs during embryogenesis and is
maintained during replication and differentiation (127).

DNA Methyltransferase

DNA methyltransferases (DNMT) is responsible for the covalent nucleophilic enzymatic
transfer of a CHj to cytosine from SAM produced by 1 CM. Five human DNMTSs have been
identified (127). DNMT methylates the carbon 5 of cytosine by flipping the DNA (128),
resulting in 5’methylcytosine (5’mC), known as the fifth nucleotide base. DNMT3a,
DNMT3b and DNMT1 were first recognised for their roles in establishing and maintaining
methylation during replication. DNMT3a and DNMT3b initiate methylation and are
known as de novo methyltransferases (129). DNMT1 acts only on hemi-methylated sites
during replication to complete the double-stranded DNA methylation for daughter cells
and is known as the maintenance methyltransferase (18) (Figure 10.1).

We are only beginning to understand the complex network of interactions responsible
for establishing and maintaining DNA methylation. Both forms of DNMT can form large
complexes and are recruited to DNA in a wide variety of situations and cell phases and have
distinct roles (127).

The CHj; of 5mC provides a steric hindrance to proteins and prevents the cysteine—cytosine
interactions of zinc-finger-domain-containing ZF proteins (130).
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Zinc Finger Domains

The cysteine XX cysteine (CXXC) motif within DNMT and other ZF proteins plays an
important role in epigenetic regulation because of its ability to recognise unmodified CpG
dinucleotides. Epigenetic ZFD-CXXC proteins can be divided into four classes: those
associated with activating H3K4 methylation, DNA methylation, histone demethylation
and DNA hydroxymethylation (131).

DNMT's recognise unmethylated cytosine through binding of their conserved sulphur-
containing CXXC domains, forming an adduct with the sixth carbon of cytosine (132). The
tandem bromodomain within DNMT]1 is autoinhibitory and can be positioned on DNA to
block de novo methylation and therefore only methylate hemi-methylated CpG (133).
Experimental mutation of the CXXC domain in DNMT1 is shown to prevent binding to
DNA in the replication fork (134).

Passive and Active Demethylation

To date, no direct enzymatic or radical removal of CH; from DNA has been described. DNA
demethylation can occur passively during replication in the absence of maintenance DNMT
or actively by TET oxidation and base excision repair (BER) (30).

Ten-Eleven Translocase

Ten-eleven translocase (TET) proteins take part in active demethylation and belong to a family
of oxygen (O,), iron and aKG-dependent dioxygenase enzymes (135). TET1 is enriched at gene
promoters and its CpG targeting potential is due to its conserved CXXC ZFD which contains 8
cysteine residues and expands over 126 nucleotides with 8 potential interactions with unmethy-
lated cytosines. The ZFD interacts with a euchromatic region in the minor groove of the DNA
but, unlike other ZF proteins, TET demonstrates a flexible binding capacity that is unbiased to
unmethylated cytosines. TET can shift binding to the next available non-methylated cytosine
using a base-flipping mechanism to target the methylated base (136).

TET oxidation takes part in active DNA demethylation through the oxidation of 5’mC
and thymine (135), forming 5’hydroxymethylcystosine (5hmC) (132) and 5’hydroxymethy-
luracil (5’hmU), respectively (137). If required, TET can continue to oxidise 5hmC to
5’formycytosine (5’fC) and 5formylcarboxycytosine (5’caC) by remaining bound to the
DNA and blocking any further interaction with DNMT (138).

It was once thought that 5’hmC, 5fC and 5’caC were transient and subsequently
converted back to an unmodified cytosine by the BER pathway; however, we now under-
stand that this may occur only when required (139).

5’hydroxymethylcytosine
5hmC is considered the sixth base and is the most abundant of the oxidised bases (136).

TET is frequently found at gene promoters, yet these regions tend to be largely depleted of
5’hmC (138). 5’hmC is found in much greater proportions in gene bodies (136).

5'formylcytosine

5’fC may be considered the seventh base. Although rare in mammalian genomes, it is shown
to interact with more proteins than 5’mC and 5’hmC (140). Using a more stable isotope than
previous studies, 5’fC was described as a stable nucleotide (141). 5’fC binds several key genes
in the epigenomic hierarchy, including those associated with embryonic development, CRC
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and DNA repair (139). Interestingly, the formylated bases tend to cluster in CpG repeats,
particularly of CRCs and TFs, and are shown to be directly associated with a unique
structure of the DNA double helix through interactions with intramolecular H,O (140).

5’hydroymethyluracil

5’hmU may be considered the eighth base. The newly discovered base increases genomic
flexibility (137) and hydrophobicity and is shown to be essential for structural integrity and
nucleotide-protein interactions (142).

Cell Cycle: Mitosis

Human chromatin can further compact 10,000-fold and is essential for advancing the cell
cycle through mitosis (18).

TET and Differentiation

Most genes show a decrease of 5’hmC upon induction of differentiation. TET interacts with
cell-cycle-dependent CDK1/cyclin B complex in embryonic stem cells, maintaining its stabil-
ity and preventing differentiation. Cells lacking TET and 5’hmC are prone to differentiation
(143). SWI/SNF associates with TET (144) to induce changes in CpGi DNA methylation to
promote transcription (90). The electro-negative reactive hydroxyl motif produced by oxida-
tion of 5’mC and thymine can be further modified, directly changing the electromagnetic
interactions because of a loss of the methylated steric hindrance (143). 5hmC enrichment is
associated with greater RNA expression and therefore TET and 5’hmC are associated with
euchromatin (117).

The repeated CHj of highly methylated CpGi is like a beacon to repressive TF which are
recruited to restrict access by TET proteins and prevent further oxidation of cytosine or
thymine. This is required to establish a heterochromatin state and advance the cell to the
mitotic phase (138) (Figure 10.1).

Histone Methylation and Heterochromatin

Heterochromatin protein 1 (HP1) is a chromodomain protein that interacts with specific
methylated histone residues such as H3K9me3 to promote heterochromatin. Through the
recruitment of histone methyltransferase SUV39H1, HP1 can induce the propagation of
H3k9me3 across the genome, establishing large heterochromatin domains (145). The binding
of HP1 is influenced by alternative histone marks such as phosphorylation of H3Y41 (146).
Recently, it was discovered that unphosphorylated HP1 is soluble, but when phosphorylated
or bound to DNA, HP1 forms liquid-like droplets and phase separates (147). In line with the
modern dynamical descriptions of the genome (106), the HP1 solvent may control molecular
entry via sequestration and repulsion of specific molecules, while enabling ultra-fast propaga-
tion of heterochromatin across the genome (147).

Cell Cycle: Metaphase

Highly dense metaphase chromosomes are examined and karyotyped by cytogenetic stain-
ing or the more recent fluorescent in situ hybridisation (FISH). Lighter bands are gene-rich
and contain mostly facultative heterochromatin (148). Dark bands (G) or bright bands (Q)
contain AT-rich sequences, <50% CG, are gene-poor, consist mostly of constitutive hetero-
chromatin and non-coding DNA, and are associated with inactivity (149). However, we now
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understand that even the most constitutively inactive heterochromatin is capable of gene
expression (150). Repetitive non-coding DNA which was once considered junk plays
a critical regulatory role of coding and non-coding genes (151).

Endogenous Retroviruses and Retrotransposons

Endogenous retroviruses (ERVs) are responsible for the mammalian evolution of the
centromere through retro-transposition in the placenta (152). Retrotransposons comprise
approximately half of the genome (153). Long interspersed nuclear elements (LINE) L1,
L2 and L3 are non-coding RNA (ncRNA) mobile elements which are transcribed using
a self-coded reverse transcriptase and preferentially transpose to alternative AT-rich
sequences within the genome (154). L1 is responsible for the deposition of alu short
interspersed nuclear elements (SINE) (155) and over 8,000 processed pseudogenes (156).
Repetitive elements comprise 50% of the genome (153), making at least 40% of the
mammalian genome the product of reverse transcription (154). L1 is epigenetically
regulated with high complexity. Immobile L1 is 90% methylated and the loss of methyla-
tion through modification of 5mC results in transposition and redeposition into the
genome elsewhere. The CpG residues of a site upstream of the L1 promoter bind the TF
Yin Yang 1 (YY1), which prevents the loss of 5’mC. Loss of YY1 or DNMT increases
transposition (157).

Activation of L1 is essential for differentiation, embryogenesis, neurogenesis and devel-
opment (158). Increased copy numbers of L1 due to hypomethylation are implicated in
metabolic disease, cancer, major depression (159), neurological disease, schizophrenia and
bipolar disorder (160).

Non-Coding RNA

Protein-coding genes comprise less than 5% of the genome (153). Pseudogenes influence
epigenetic mechanisms and can operate on a coding and non-coding basis (161).

Introns which were once considered excised genomic debris are now known to have
highly specific functionality (162). NcRNA broadly defines all RNA which lacks evidence of
protein translation capabilities (163). It is estimated that 98% of human transcripts come
from ncRNA which are divided into classes based on their size: short (22-3), medium (50-
200) and long (>200) (52). NcRNA recognise their target sequences and transfer informa-
tion in a highly compact, energy-efficient manner, which may have been a crucial step in
evolution to address accelerating regulatory requirements (162) (see Table 10.1).

X Chromosome Inactivation

XIST is a IncRNA pseudogene transcribed from the X chromosome to establish
X chromosome inactivation (Xi) (171). Commencing with a loss of H3K27 acetylation
and a gain of H2AK119 ubiquitination (172), XIST recruits several histone-modifying
complexes during the interphase and spreads its RNA from the site of transcription,
progressively coating the chromosome and forming a phase-separated Barr body which is
isolated and mostly inactive (150) (Figure 10.1).

Many IncRNA are transcribed cis-antisense to other genes (170). XIST and TSIX is an
example of a cis-antisense pair (173) where the transcription of TSIX on the antisense strand
blocks XIST transcription on the active X chromosome by recruiting DNMT3a for methy-
lation and repression (174). It is estimated that >1,600 genes are capable of antisense
transcription (175).
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Table 10.1 Non-coding RNA

Transfer RNA (tRNA) « Adaptors for triplet nucleotide code (AUG) for
amino acid translation.
The human genome contains approximately 497

tRNAs (153).
Ribosomal RNA (rRNA) - (Catalyse peptide bonds during translation (153).
Micro RNA (miRNA) « 22 nucleotide length.

The human genome contains approximately
2,300 miRNAs (163).

60% of protein-coding genes are targeted by
miRNA for post-transcriptional repression (164).
Epi-miRNA is the term used to describe miRNAs
that regulate epigenetic mechanisms (165).

Small non-coding RNA (sncRNA) + Many subclasses.
Range between 20 and 29 nucleotides (166).

Small interfering RNA (siRNA) - Derived from retrotransposons (167).
Bind miRNA like a primer for removal.
Generate a unique double-stranded siRNA which
is transposed back into the genome (168).

Piwi interfering RNA (piRNA) «  25-33 nucleotides in length.
Largest class of small ncRNA (52).
Found in clusters in retro-transposon
remnants (169).
Can be translated in antisense and sense from
their promoter (52).
The complex piRNA pathway is a conserved
defence RNA silencing system that directs
epigenetic mechanisms to protect the genome,
particularly germ cells, from transposable
elements (169).

Long non-coding RNA (IncRNA) - Involved in genomic imprinting and gene dose
compensation (170).

After the initial X inactivation, all subsequent daughter cells inherit the same inactive
X (176). Understanding the patterns of Xi in humans has been difficult because of inbreeding
in animal models (177). Approximately 15-20% of genes within the Xi of women escape
inactivation. Escape regions lack repressive H3K27me3 and are enriched in active acetylating
marks (150).

Ubiquitination

Three key classes of genes control the cell cycle: cyclin, cyclin-dependent kinases and
cyclin-dependent kinase inhibitors. Scheduled proteolytic degradation of these pro-
teins by ubiquitin-proteasome system (UPS) is essential in the regulation of the cell
cycle. Ubiquitin is a 76-amino acid protein which attaches to a target protein with the
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involvement of three critical enzymes: ubiquitin-activating enzyme EI1, ubiquitin-
conjugating enzyme E2 and ubiquitin-ligase E3. UPS anaphase-promoting complex is
activated by phosphorylation during mid-mitosis and mediates proteolytic degradation
of mitotic cyclins throughout the G1 phase (178) (Figure 10.1).

Genomic Imprinting

Small nucleolar RNA (snoRNA) is transcribed from introns of protein-coding genes and
IncRNA. A cluster of snoRNA is contained within an imprinted region of chromosome 15.
This imprinted control region (ICR) is responsible for Prader-Willi and Angelman syn-
dromes. The ICR is also responsible for controlling the expression of an essential compo-
nent of the UPS, E3 ubiquitin-ligase. The ICR is heavily DNA methylated on the maternal
chromosome retaining a repressive H3K9me3 mark, whereas the paternal ICR remains
unmethylated and the promoters are actively marked with H3K4me. A sense-transcribed E3
ubiquitin-ligase (UBE3a) is transcribed from both chromosomes but is also transcribed as
aIncRNA in the antisense direction from the paternal chromosome in neurons (UBE3s). In
all other cells, the antisense transcription is incomplete but can transcribe the snoRNA. In
neurons, the full IncRNA can provide feedback regulation of UBE3a because of comple-
mentary RNA binding (179).

SnoRNAs drive rRNA modification, maturation and editing in the nucleolus (180).
SnoRNAs are spliced from introns and are characterised by their highly conserved nucleo-
tide sequences, which are complementary to themselves and their targets, forming RNA
duplexes (181). Their complementary sequences allow the formation of hairpin loops,
which can direct RNA editing and modification with high specificity (201). SnoRNAs
have demonstrated genomic transposition through integration with retrotransposing
machinery (200).

SnoRNAs carrying the C/D box domain target RNA for 2’0 ribose methylation and H/
ACA domains containing snoRNAs interact with phosphouridine transferase dyskerin to
establish pseudouridination (181).

When snoRNAs are transcribed antisense to their pre-ribosomal RNA target, con-
comitant expression allows for immediate hybridisation and regulation through
a methylating modification (182). SnoRNAs can also associate directly with a protein,
forming sno-ribonucleic proteins (snoRNP), such as the essential methyltransferase
fibrillarin (183).

RNA Editing and Alternative Splicing

Alternative splicing (AS) has emerged as a key regulator of gene expression. AS uses
deamination to alter exons, influencing the structure, binding properties and modifi-
cation potential of mRNA and its encoded proteins. An analysis of individual
chromosomes shows every protein-coding gene is capable of undergoing AS (183).
Adenosine deaminase (ADAR) targets an adenosine editing site of the X chromosome
transcribed serotonin (5HT2 C) mRNA and hydrolyses adenosine to inosine, forming
a wobble base. Deamination contributes to 32 possible serotonin mRNA isoforms and
up to 24 unique proteins (184). Serotonin contributes to epigenetic mechanisms
through serotonylation of histones (185). Interestingly, ADAR can edit its own pre-
mRNA, creating a new splice site, with a reduced function frameshift to regulate its
activity (186).
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For pre-mRNA editing, ADAR requires accessing base pairs between intronic and
exonic sequences of double-stranded pre-mRNA (187). The 364-kb intron 2 of 5HT2 C
hosts four miRNA and complements with itself, forming a loop at the editing site (188).
Intron 5 of the gene is a H/ACA snoRNA (187). Deamination of at least five sites is required
for the inclusion of the alternatively spliced exon VB and the translation of a full-length
receptor (189). The receptor formed by the AS exon VB RNA forms an intracellular loop
which is essential for G protein binding (190).

An 18-nt editing site of exon VB on the sense strand pairs complementarily to the C/D
box containing snoRNA (HBII-52/SNORDI115) transcribed in antisense by the paternal
ICR on chromosome 15 (190). The ends of the snoRNA are self-complementary, interacting
with non-canonical base pairs (181) and forming a box formation over a splice silencing
sequence (190), inhibiting protein interactions on the sense strand, which allows further
splicing of intron 2 and recruitment of spliceosome components such as small nuclear RNA
(snRNA) (153) (Figure 10.2a).

X Chromosome Inactivation and SnoRNA

The precise complementary pairing of the X chromosome sense-transcribed 5SHT2 C pre-
RNA with the paternally imprinted antisense SNORDI115 suggests that the paternal
X chromosome is inactivated in animals capable of carrying the spliced exon VB. In support
of this discovery, the loss of paternally transcribed SNORDI115 results in severe
X chromosome inactivation skewing (191) (Figure 10.2a).

RNA Editing and Disease

Editing 5HT2 C determines the efficiency of the receptor’s G protein coupling and the
efficacy of an agonist (192). Dysregulated 5SHT2 C receptor activity has been implicated in
many neurological and psychiatric conditions (188). Differences in the gastrointestinal
microbiome have also been shown to influence AS and ultimately the levels of 5SHT2 C
receptor isoforms (193).

Exosomes

RNA degradation, maturation and surveillance through embryogenesis are tightly regulated by
the nuclear exosome complex (194). Exosomes are extracellular vesicles (30-120 nm) which
transfer genetic information over long distances. They are excreted by all cells and send chemical
messages of protein, mRNA, non-coding RNA (ncRNA) lipid and DNA to their target to
regulate cell metabolism, proliferation and differentiation (57). Extracellular vessels also mediate
the horizontal transfer of active L1 (195). Exosomes derived from embryonic stem cells transport
mRNA capable of reprogramming haematopoietic stem cells, demonstrating the exosomes’ role
in balancing evolutionary adaptation genome-wide through systemic mechanisms (196).

A growing body of evidence describes the exosomes’ involvement in regulating the circa-
dian rhythm (197). Exosomes function as a bridge between the central pacemaker and genetic
expression in peripheral cells. Chronic nocturnal shift workers display altered microbiome and
changes in exosome composition including CLOCK genes (198). MiRNAs in exosomes of shift
workers signal circadian misalignment to peripheral tissues (57). MiRNAs can alter epigenetic
mechanisms through repressing epigenetic modulators such as sirtuin (199).
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Figure 10.2 Chromosome 15 imprinted control region and gasotransmitters and epigenetic metabolic switching
in hypoxia.

(a) Maternally methylated imprinted control region (ICR) of E3 ubiquitin protein ligase 3 (UBE3a) on chromosome 15.
Paternal antisense and sense transcription. Antisense SNORD115 complementary pairing with X chromosome
5'hydroxytryptophan 2 C (5'HT2 (), forming a box formation over the splice silencer region, allowing further splicing.
Adapted from (307). (b) Epigenetic adaptation and regulation by gasotransmitters in transient hypoxia. Adapted from (26).
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Cell Cycle: In Vitro Metaphase Chromosomes

Changes to salt concentrations in the chromosomal media determine the level of
compaction for analysis (65). The transfer of condensed chromatin to reduced Na* or
Mg2" cation concentrations results in the re-relaxation of the chromosome structure
(200). In contrast, increasing salt concentrations leads to a loss of histones, a reduction
in UV absorption and a loss of template activity, which is essential for retaining
canonical base pairing (201).

In vitro bromination of thymine (5BrU) replaces the 5°C methyl group and enables
thymine to transform from the keto (=O) isoform to the enol (-OH") isoform (202). The
reactive hydroxyl enables wobble pairing with guanosine instead of the canonical adenosine
(203). Because of increased reactivity, 5’hmU also wobble pairs with guanosine (204).

Thymine is halogenated for fluorescent detection of AT-rich segments of the metaphase
chromosome. The increased electro-negativity allows for substantially increased photon
quenching and greater differentiation between cytogenetic bands (205). Thymine’s loss of
the CHj; increases reactivity, resulting in a chain of energy transfer and biologically signifi-
cant fluctuations in wobble pairing maintaining equilibrium through tautomerisation,
resulting in the fluid breathing model of chromatin (206).

Non-canonical pairing in heterochromatic chicken erythrocytes and a loss of canonical
base pairing in high-salt media suggest that compact metaphase chromosomes may rely on
dynamic tautomerisation and wobble-base pairing. Further investigation is required to
determine if 5hmU is responsible for this conformation.

Undiscovered Bases

Both purines and pyrimidines are capable of halogenation (207). Pyrimidines are readily
converted, whereas purine halogenation is time and histone dependent (208).

Chorine (Cl) is an abundant physiological halogen; its use is essential for chromosome
extraction and modulation of structure in vitro (98). Nuclear Cl ion channel NCC27 is
expressed at specific times during the cell cycle, is essential for cell cycle progression and
may play a role in the modification of nucleotides (209). Cell cycle progression is dependent
on intracellular fluctuations of Mg (210); an increase in Mg concentration occurs during
mitosis which accompanies a depletion of ATP, which may be due to the increased activity
of ATP-dependent CRC recruited for chromatin compaction (211). Cationation and halo-
genation of DNA in vitro implies that the likelihood of discovering more stable nucleotide
isotopes is high (212).

Nucleotide Maintenance

DNA damage can arise from a variety of sources. If the damaged base is not repaired or
replaced, an incorrect base may be incorporated during replication, causing a mutation.
BER often works alongside processes prone to generating mismatched bases, such as DNA
methylation. The four-protein system can repair several non-canonical bases resulting from
oxidating, alkylating or deaminating events (213).

Deamination of a nucleotide may be required for the correction of a mismatched base or
the rapid evolution of sequences. Somatic hypermutable genes undergo rapid evolution via
the induction of deaminase enzymes for immunoglobin antibody diversification and class
switching (214). Precise nucleotide levels are regulated by feedback mechanisms between de
novo synthesis, degradation and salvage pathways (215).
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Nutritional and Environmental Epigenetics

Molecular Mimicry

Pterin

Many vitamins contain nucleotide motifs and have structurally similar bonding arrange-
ments to other biological molecules (216). Pterin (216) is structurally similar to guanine
(217) with many identical bonding arrangements.

Pterin is synthesised from the five-membered ring guanine triphosphate (GTP) to a six-
membered ring pterin by the rate-limiting enzyme GTP cyclohydrolase (218). Folic acid is
a pterin-containing precursor for the synthesis of GMP and AMP in the de novo purine
synthesis pathway (219).

The first step of light-induced folate degradation is the cleavage between the pterin
chromophore and the PABA-glutamate moiety, leaving a free pterin moiety (220). Guanine-
based purines have demonstrated extracellular signalling and neuromodulation.
Extracellular concentrations of purines are dependent on reuptake mechanisms and purines
can be released to the extracellular space by neurons and glial cells where they can be
hydrolysed, producing different forms to modulate the activity of many different recep-
tors (221).

Guanine nucleotides are traditionally known for intracellular signalling by G protein
coupled receptors (GPCR). Over 800 GPCRs have been identified in humans. Because of
significant ligand diversity (222), GPCRs are targets of more than 40% of manufactured
pharmaceuticals (223). Abnormal function of GCPRs is an inherent factor underlying
schizophrenia and mood disorders (224).

Three subunits comprise the G protein: Ga, G and Gy. In its inactive state, Ga binds
guanosine 5-diphosphate (GDP). Upon ligand activation of GPCR, Ga releases GDP and
the empty Ga forms a complex with the GPCR. GTP is recruited to the empty Ga subunit,
causing dissociation of the subunits and GTP phosphate hydrolysis, resulting in the conse-
quent return of GDP and receptor re-inactivation (225).

Because of folate’s role in purine synthesis, folate supplementation contributes to the
accumulation of the purine intermediate 5-aminoimidazole-4-carboxamide riboside 5’-
monophosphate (ZMP) in the feedback regulation of purine synthesis (226). ZMP is also
a direct regulator of 1 CM, demonstrating the crossover between the two pathways (227).

Folic acid and guanine have many overlapping mechanisms because of their similar
structures. Folates stimulate GTP binding to GPCR and inhibit GTPase-dependent phosphate
hydrolysis, essential for cyclic inactivation (228). The reverse has also been demonstrated,
where guanine nucleotides can modulate folate receptors (229).

Folate and its derivatives have been used therapeutically to reduce the production of
endogenous CH; via the inhibition of 1 CM (230) (Figure 10.2b). Because of cell-specific
epigenetic mechanisms, it is currently impossible to determine which cells or organs will be
implicated by the loss of endogenous methylation and therefore may result in pathological
symptoms due to epigenetic inflexibility (26). The neurotoxic effects of folates are often
ascribed to its polyglutamate tail and modulation of 1ICM (26); however, feedback inhibition
of purine synthesis, modulation of the purinergic system and its contribution to epigenetic
inflexibility may also play a role (228).
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Riboflavin

Riboflavin is a fluorescent pigment and a core component of flavoproteins responsible for
several types of redox electron transport reactions (231). Humans carry more than 40
flavoproteins (232).

Mutations in riboflavin transporters are known to cause riboflavin transporter defi-
ciency and severe progressive neurological disease (233). Riboflavin transport dysfunction is
associated with various neuromuscular diseases with distinct motor neuron dysfunctional
overlap, such as Madras motor neuron disease (MND) (234), Brown-Vialetto Van Laere
(235) and juvenile amyotrophic lateral sclerosis (236). However, in all cases, high-dose
riboflavin promotes remarkable recoveries (234-238). Madras is a form of MND with
juvenile onset with no known mutations. Despite not sharing riboflavin transporter muta-
tions with other early onset MNDs, riboflavin supplementation promotes remarkable
recovery in these patients, suggesting epigenetic mechanisms are responsible (234).

Light irreversibly reduces riboflavin (231) to various metabolites such as carboxymethyl-
flavin, lumiflavin and lumichrome (232). Riboflavin end-products are known inhibitors of
flavoproteins (239) and transporters (240), including gastrointestinal absorption by human
intestinal epithelial cells (241). Therefore, light-exposed riboflavin in dairy (231) and plant
foods (239) may negatively affect these conditions.

Metaboloepigenetics

Accumulating connections between energy metabolism and epigenetic mechanisms have
given rise to a new field of research referred to as metaboloepigenetics (73). Epigenetically
regulated metabolism is unique to each cell type and drives the cell cycle (242, 262).

Metabolic Switch

During exercise or stress, epigenetic mechanisms enable metabolic switches which modify
gene expression to optimise fuel utilisation for the changing conditions (243). In the
diseased state, a metabolic switch may be pathological or essential. Following traumatic
brain injury, a metabolic switch activates a lactate shuttle to optimise lactate utilisation even
in the presence of O, (244). A similar metabolic adaptation is seen in cancer cells to meet
higher metabolic demands, where histone lactylation is the epigenetic mark of the glycolytic
switch for fast cell growth and proliferation (245). Impaired epigenetic mechanisms lead to
metabolic imbalances (Figure 10.2b).

Hypermetabolism and Brain Energetics

Impaired brain energetics negatively influences psychological and neurological conditions
(246). Critical illness is marked by hypermetabolism and increased protein catabolism
(247). Ageing (247), illness (248), psychological stress (249) and trauma (250) are also
hypermetabolic states where epigenetic adaptation is essential to meet the increased energy
demands of the brain (Figure 10.2b). ATP is a primary fuel source for muscular contraction
and neural action potentials.

Brain energy consumption is 12 times higher than skeletal muscle and the amount of
ATP stored within the brain is minimal (251). ATP is rapidly depleted in normal metabol-
ism; a metabolic switch to rapidly increase the rate of synthesis is required to match
increased energy demands (252).
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The mere thought of anticipated exercise is sufficient to stimulate adaptive respiratory
and cardiovascular systems (253). For example, the anticipation causes an initial increase of
oxyhaemoglobin in the prefrontal cortex due to an increase in neurological ATP utilisation
and O, demand (254). The neurovascular coupling enables haemoglobin transfer of O, to
the brain (255) and the concomitant release of NO dilates blood vessels, inducing transient
cerebral vascular hypoxia (256). Central chemoreceptors detect changes in O,, stimulating
neurological control of ventilation (257).

Gasotransmitters

Gasotransmitters are a class of signalling molecules that are permeable to cell membranes
and can interact immediately with proteins, providing ultra-fast communication between
cells and molecules (258). Gasotransmitters regulate hypoxic adaptation and are epigenet-
ically regulated (259).

Gasotransmitters nitric oxide (NO) (260), hydrogen sulphide (H,S) (261) and carbon
monoxide (CO)**® were once considered noxious toxins and have been well documented.
Hydrogen cyanide (HCN) has recently been described as a new mammalian gas transmitter
(282) and the potential signalling functions following H,O phase transitions through
thermal aquaporins are yet to be defined (263). Gasotransmitters are known to regulate
haem, haem-like moieties (cobalamin) and haemoproteins (279). Gasotransmitters regulate
epigenetic mechanisms; for example, NO inhibits 1 CM through S-nitrosylation of the
cysteine 121 residue of MAT (264).

In normoxia, haemoglobin O, saturation is stable; the O,-dependent haem oxygenate-2
(HO2) is responsible for the degradation of haem and other haem-containing proteins
including nitric oxide synthase (NOS). Active HO2 inhibits glycolysis via redirected activa-
tion of the pentose pathway (265). HO2 haem degradation produces CO in the process
which binds to the haem moiety of cystathionine p-synthase (CBS) where it maintains its
inhibition (266).

CBSis an H,S generating, rate-limiting enzyme of the trans-sulphuration pathway (266).
CBS, HO2 and NOS are all haemoproteins and therefore are regulated by preferred binding
affinities of gasotransmitters (259). It has been proposed that HO2 is an O, sensor. At the
onset of hypoxia, O, reduction reduces HO2 activity and consequently CO production
(259). The reduced CO and O, tension activates CBS and H,S production (265). In addition,
the reduced HO2 activity may allow for greater haem protein availability for NOS and
upregulation of NO for the regulation of alternative haemoproteins (259) (Figure 10.2b).

Creatine

With increased metabolic demands, the creatine/phosphocreatine system plays an import-
ant role in maintaining ATP by acting as an energy buffer (267). Creatine
(N-methylguanidino acetic acid) is a nitrogenous amino acid which can be phosphorylated.
The phosphate is liberated by creatine kinase for immediate regeneration of ATP in the
absence of O, (268). Creatine is synthesised by the SAM-dependent methyltransferase
guanidinoacetate methyltransferase (GAMT) (243). and up to 40% of methyl groups from
1 CM go towards creatine synthesis. This demonstrates the importance of 1 CM in
optimising energy efficiency.

Abnormal phosphocreatine systems are associated with neurological (269) and psychi-
atric disease (267). Moreover, hypermetabolism and an impaired epigenetic adaptation to
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transient hypoxia is likely to result in or exacerbate pathological symptomology of psychi-
atric or neurological origin (Figure 10.2b).

Nitrogen Balance

Protein is a major source of dietary nitrogen (270), which is essential for tissue growth and
repair (244). Dietary protein recommendations are based on nitrogen balance studies in
healthy subjects (271). However, for growth and repair, nitrogen consumption must exceed
catabolism and excretion (272). Hypermetabolism is associated with a negative nitrogen
balance; these patients experience impaired cellular repair, DNA synthesis, muscle wasting,
decreased immunity and increased mortality (247). Older adults and those with chronic
disease require more protein than standard recommendations to promote recovery from
illness and maintain a positive nitrogen balance (270). However, not all protein is created
equal. Animal and plant proteins contain different amino acid ratios and therefore have
different nitrogen levels (271).

Ketogenic Diets

Ketogenic diets are used to manage neurological and psychiatric disease (246). The
endogenous ketone beta-hydroxybutyrate possesses HDACi activity and the TCA cycle
ketone intermediate aKG is a substrate for demethylase enzymes (273). The metabolic
switch associated with modulation of the glycolytic metabolic pathway provides an alterna-
tive brain fuel which may not only manage symptoms but also address the underlying
disease mechanisms from the epigenetic level (246).

Evolution and Epidemiology

Radioactivity

Evolution begins at the atomic level. Since the discovery of elemental radioactivity, radio-
active isotopes have been used as tracers in the study of biological reactions and pathways
(274). Isotopes differ in mass and bonding potentials and therefore must be adjusted for in
research. Because of safety issues, their use has recently declined (275). Radioactive and
non-radioactive heavier isotopes occur naturally in our environment and contribute to the
evolution of biological pathways and epigenetics (276). For example, a large banana
contains 18.4 Beroquel (Bq), which is equivalent to one nuclear transformation
per second (277).

Biological Adaptation

A model of hypertension describes how changes to environment or diet result in subtle
epigenetic change, producing hundreds of molecular changes, dozens of signalling adapta-
tions and a few physiological changes, resulting in either stable adaptive gene expression or
pathological mutation and/or disease (278).

Following Darwin’s description of natural selection in 1859 (279), scientists have made
remarkable progress in understanding how evolutionary processes shape species diversity
(280). Since the evolution of Homo sapiens 100,000 to 200,000 years ago (281), humans have
diversified into many subspecies (282), occupying diverse environmental conditions and
using a variety of different dietary staples (283). Genes directly involved in environmental or
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dietary adaptation essential for the survival of a population are subject to subtle shifts in
allele frequencies (284). However, human phenotypes are complex, and only a small portion
of genetic diversity can be explained by allele frequencies (280). Human variation is also
influenced by epigenetic patterns (285) and epigenetic pathways are influenced by environ-
mental selective pressures (286). For example, the natural selection of 1 CM is observed in
populations who live at high altitudes, likely due to the combined effects of increased UV
radiation and CH; formation owing to greater atmospheric methane concentrations (287).
However, there is also a significant correlation with increased psychological disease, includ-
ing suicide rates in populations that live at high altitudes (288), suggesting impaired
epigenetic adaptation following recent relocation may be responsible.

Before the shift to horticulture and animal farming approximately 10,000 years ago, hunting
and foraging were the primary methods of food selection (289). Selection of genes associated
with the metabolism of starch is seen in populations who depend on cereal grains for sustenance
(284). Indigenous Australian are a population of hunters and gatherers that were subject to
major environmental and dietary shifts less than 250 years ago (290). This population shows
minimal allele adaptive selection, likely due to the limited time required for sequence specific
evolutionary diversification (284). However, when it comes to health and longevity, populations
like Indigenous Australians who have diverged rapidly from tradition tend to do the worst (290),
likely because of impaired epigenetic adaptation due to unpredictable food availability (283).

Industrial advances during the twentieth century led to improvements in agricultural
plant breeding which could aid malnutrition in developing countries (291). Wild plants
were domesticated, breeding out bitterness and toxins (292). Traits were selected for,
increasing growth, nutrition and palatability, while increasing sugar content and modifying
gene expression and nutrient density. One-third of foraged plants by Indigenous
Australians required various kinds of treatment before they could be eaten and were
therefore attractive candidates for domestication. By 1926, there were eight major domesti-
cated crops across Asia, Africa and South America (293).

Some pesticides used to increase crop yields are known endocrine disruptors (26) and
interact with epigenetic mechanisms through TF modulation of nuclear hormone receptors
(294). Some plant food sources still carry their natural defence phytochemicals to protect against
predators and may cause allergy, sensitivity or disease in some populations because of impaired
epigenetic adaptation (295). For example, Isothiocyanates are goitrogenic toxins found in
brassica varieties and may contribute to thyroid pathology in those susceptible (296).
Willardine is an amino acid synthesised from uracil which is found in legumes (297). It is
a partial agonist of glutamate receptors (298). Thiaminase is found in fish, herbs (299), maize
and some brassica varieties (300) and is responsible for thiamine deficiencies in sheep fed maize
silage (301). Thiamine deficiency is associated with chronic neuropsychiatric symptoms (302).

Vitamins and minerals are cofactors for many epigenetic pathways; therefore, the chem-
ical composition of our diets directly influences cellular and microbiome epigenetic mechan-
isms. Fortification or supplementation with folic acid may lead to inhibition of 1 CM and
disrupt the infinite flow of epigenetic modifications, resulting in unpredictable metabolic
blockages in those susceptible (26). Fortification with riboflavin may lead to the formation of
toxic metabolites, resulting in neurological symptoms, and therefore may also be unsuitable in
certain populations or those with certain conditions. It is possible that fortification may be
essential for survival in some populations but may be toxically detrimental to others (26).

The heavy metal composition of food due to contaminated soil and H,O may also
negatively influence epigenetic mechanisms (303) through replacing essential cofactors
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(26). Animal proteins are not only a complete source of amino acids but also an abundant
source of hormones, cytokines and neurotransmitters which influence epigenetic mechan-
isms in the gastrointestinal tract and beyond (26). Bioactive molecules can be transported
across the basolateral membrane individually or combined in exosomes (304).

Because of environmental concerns, global consumption of plant-based foods is rising
rapidly, leading to the innovation of new plant varieties, insects and plant-based food
products (305). Sudden changes to macronutrient ratios lead to a domino effect of compen-
satory epigenetic adaptations which are uniquely matched to the individual. Bio-
individuality suggests that some populations may have difficulty adapting to abrupt changes
in environmental conditions or the molecular composition of new foods. Without epigen-
etic flexibility, biological pathways may over- or under-compensate, leading to disease.

Over the past two decades, researchers have demonstrated the manipulation of epigen-
etic mechanisms through the modification of environments, microbiomes, diets, vitamins,
minerals and herbs (26). Given the unpredictable nature of the genome, gentle nutritional
and environmental modification may be a personalised, non-invasive and sustainable
alternative to gene-editing treatments or adjunct for the management of psychiatric condi-
tions (26). However, this should not be done without caution, for the more we understand
about the genomic diversity of organisms, it is evident that what may be essential to sustain
life in one population may be a poison to another.
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